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6
Dpes of Lasers

6.1 INTRODUCTION

This chapter contains miscellaneous data and practical information
about a number of lasers. It should be pointed out that there are many
more lasers in existence than just those described here. This chapter,
however, concenirates on those types which are most commonly used and
whose chasacteristics are representative of a whole category of lasers. It
should also be noted that some of the data presented in this chapter (for
mmple,onoutputpowmmdenergiu)mlikelylobeupidlywper-
seded. These data are, therefore, presented only as a rough guide.

We will consider the following types of lasers: (1) solid-state (crystal or
glass) lasers, (2) gas lasers, (3) dye lasers, (4) chemical lasers, (5) semicon-
ductor Iasers, (6) color-center lasers, and (7) free-clectron lasers.

6.2 SOLID-STATE LASERS

The term solid-state lnser is usually reserved for those lasers having as
their active medium either an insulating crystal or a glass. Semiconductor
lasers will be considered in a scparate section since the mechanisms for
pumping and for laser action are quite different. Solid-state lasers often use
as their active species impurity ions introduced into an ionic crystal.
Ulullytheionbelonptooneollheuﬁuolumiﬁonelemmuin the
periodic table (e.g., transition metal ions, notably Cr’*, or rare earth ions,
notably Nd** or Ho?* ). The transitions used for laser action involve states
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202 Chap. 6 - Types of Lasers

belonging to the inner unfilled shells. These transitions are therefore not so
strongly influenced by the crystal field. This in turn means that the
transitions are quite sharp (i.c., ¢ reasonably large) and the nonradiative
channels are fairly weak (i.c., 7 reasonably long). Consequently the thresh-
old pump rate (W, 1 /o7 for a four-level laser) is low enough to allow
laser action.

6.2.1 The Ruby Laser™"

This type of laser was the first to be made to operate,** and stil
continues to be used. Ruby, which has been known for hundreds of years
as a naturally occurring precious stone, is a crystal of AL O, (corundum) in
which some of the AI’* ions are replaced by Cr** jons. As a laser material,
it is usually obtained by crystal growth from a molten mixture of Cr,0,
(~0.05% by weight) and ALO,. The laser energy levels are those of the
Cr’* ion in the ALO, lattice, and the main levels of interest are indicated
in Fig. 6.1. Laser action usually occurs on the E—*4, transition (R, line,
A =2 694.3 nm, red). Ruby has two main pump bands *F, and *F, centered
at wavelengths of 0.55 pm (green) and 0.42 pm (violet), respeciively. These
bands are connected by a fast (~10~7 3) nonradiative decay to both 24
and E suates. Since these last two states are also connected (o each other by
a very fast nonradiative decay (~10~? s), thermalization of their popula-
tion occurs which results in the E level being the more heavily populated.
The frequency separation between 24 and E (~29 cm™') is small com-
pared to (kT/h), and the 24 population is comparable with the E level
population. It is thus possible to obtain laser action on the 24 >4,
transition also (R, line, A, ~0.6928 pm) by using, for instance, the disper-
sive systems of Fig. 5.7. Despite the complication of having these two laser
transitions, it is apparent that ruby operates as a three-level laser.
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As already discussed in connection with Fig. 2.14, the R, transition is
predominantly homogeneously broadened at room temperature, the broad-
ening being the result of the interaction of Cr'* ijons with lattice phonons.
The width of the transition (FWHM) is Ayy =11 cm ' = 330 GHz (T
= 300°K) and the 24 and E levels have the same lifetime of ~3 X 1075
(T = 300°K). At T=77°K the lifetime increases to 4.3 x 10~ 5, which
shows that the room temperature lifetime also has a contribution from
nonradiative decay. Note that the lifetime is in the millisecond range and it
thus corresponds to an electric-dipole forbidden transition.

Ruby lasers are usually operated in a pulsed regime. For this, a
medium-pressure (~500 Torr} xenon flashiube is used, either with the
pump configuration as in Fig. 3.2b or, more often, as in Fig. 3.2a. Typical
rod diameters range between 5 and 10 mm with a length between 5 and 20
cm. The output performance can be summarized as follows: (i) when Q
switched, 10-50 MW in a single giant pulse of 10-20 ns duration, and (ii}
when mode locked, a few gigawatts peak power in a pulse of ~10 ps
duration. Ruby lasers can also run cw, pumped by a high-pressure mercury
lamp.

Ruby lasers, once very popular, are now less widely used, since they
have been superseded by their compelitors, the Nd:YAG or Nd:glass
lasers. Since, in fact, ruby works on a three-level scheme, the required
threshold pump energy is about an order of magnitude larger than. that for
a Nd:YAG laser of comparable size. Ruby lasers are, however, still com-
monly usgd for a number of scientific applications, such as pulsed
holography and ranging experiments (including military rangefinders).

6.2.2 Neodymium Lasers“®

Neodymium lasers are the most popular type of solid state laser. The
laser medium is usually either a crystal of Y,AlLO,;, (commonly called
YAG, an acronym for yitrium aluminum garnet) in which some of the Y**
ions are replaced by Nd** ions, or simply a glass which has been doped by
Nd** ions. Neodymium lasers can oscillate on several lines, the strongest
and thus the most commonly used one being at A = 1.06 um.

A simplified energy-level scheme for Nd:YAG is shown in Fig. 6.2.
The encrgy-level scheme is much the same for Nd:glass since, as already
mentioned, the energy levels involved are not strongly influenced by the
crystal field. The A= 1.06 um laser transition is the strongest of the
*Fy /2212 transitions. The two main pump bands occur at 0.73 and 0.8
pm respectively. These bands are coupled by a fast nonradiative decay to
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FIG. 6.2. Simplified energy levels of Nd:YAG.

the “F, 5 level, while the lower 1112 level is also coupled by a fast
nonradiative decay to the I, s2 ground level. Furthermore, the energy
difference between the *1,, , and Y, , levels is almost an order of magni-
tude larger than k7. Thus it follows that the Nd’* laser works on the
four-level scheme. As in the case of ruby, the laser transition is (pre-
dominantly) homogeneously broadened and the corresponding width is
Arg= 6.5 cm~' = 195 GHz at T = 300°K. The lifetime of the upper laser
level is in this case also very long (r = 0.23 ms) since the transition is
forbidden for electric—dipole interaction.

Nd:YAG lasers can operate either cw or pulsed. For both cases, lincar

lamps in single-ellipse (Fig. 3.2b), close-coupling (Fig. 3.2c), or multiple- .

ellipse configurations (Fig. 3.3) are commonly used. Medium-pressure
{500- 1500 Torr) Xe lamps and high-pressure (4-6 atm) Kr lamps are used
for the pulsed and cw cases respectively. The rod dimensions are typically
the same as those given for ruby. The output performance can be summa-
rized as follows: (i) output power up to 150 W from a single stage and up to
700 W from a cascade of amplifiers, for cw operation; (ii) output power up
to 50 MW in Q-switched operation; (jii} pulse duration down to ~20 ps in
mode-locked operation. The slope efficiency is about 1-3% for both cw and
pulsed operation. Nd:YAG lasers are widely used in a variety of applica-
tions such as materials processing {(in cw or repetitively pulsed operation),
ranging, and laser surgery.

The rod dimensions for Nd:glass may be much larger than those for
Nd:YAG (up to perhaps | m in length and a few tens of centimeters in
diameter). Glass, due to its much lower melting temperature, can in fact be
grown much more casily than YAG. Since, however, the thermal conductiv-
ity of glass is about an order of magnitude smaller than that of YAG,
Nd:glass lasers arc usually operated in a pulse regime. The output perfor-

mance can be summarized as follows: (i) Output energy and peak power in
Q-switched operation are comparable with those obtainable from a Nd:
YAG rod of comparable dimensions. (i} Since the laser transition is
considerably broader than that of Nd:YAG (the additional, inhomoge-
neous broadening being due to the variation of ion environments within the
glass matrix), pulsewidihs as short as ~5 ps can be obtained in mode-
locked operation. Nd:glass can be used instead of Nd:YAG in all those
applications where the repetition rate of the laser is low enough not to
cause thermal problems in the rod. A very important application of
Nd:glass is as laser amplifiers in the very high energy sysiems used in laser
fusion experiments, A system based on Nd:glass lasers, delivering pulses
with a peak power of more than 20 TW and iotal energy of ~15 kJ, has
already been built (the Shiva laser), and a system which should give an
order of magnitude more power and energy is under construction (Nova
laser, 200 kJ, 100-300 TW).

6.3 GAS LASERS

In general, for gases, the broadening of the energy levels is rather small
(of the order of a few gigahertz or less), since the line-broadening mecha-
nisms arc weaker than in solids. For gases at the low pressures often used in
lasers (a few Torr), the collision-induced broadening is very small, and the
linewidths are therefore essentially determined by Doppler broadening. For
this reason optical pumping with lamps of the type used for solid state
lasers is not used in the case of gases. This would, in fact, be very inefficient
since the emission spectrum of these lamps is more or less continuous,
whereas there are no broad absorption bands in the active material, The
only case in which laser action has been obtained in a gas by means of
optical pumping of this type is that of Cs pumped by a lincar lamp
containing He. In this case the situation was quite favorable for optical
pumping since some He emission lines are coincident with absorption lines
of Cs. However, the importance of this laser lies more in its historical
significance : Cs, which vaporizes at a temperature of 175°C, is a highly
reactive substance.

Gas lasers are usually excited by electrical means, i, pumping is
achieved by passing a sufficiently large current (dc or pulsed) through the
gas. The principal pumping mechanisms occurring in gas lasers have
already been discussed in Section 3.3. Other pumping mechanisms which
are peculiar 1o certain lasers (e.g., Penning ionization and charge transfer)
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will be introduced in this chapter. We also wish to point out that some gas
lasers can also be pumped by mechanisms other than electrical pumping. In
particular, we mention pumping by gas-dynamic expansion, chemical
pumping, and optical pumping by means of another laser.

Once a given species is in its excited slate, it can decay to lower states,
including the ground state, by four different processes: (i) collisions be-
tween an electron and the excited species, in which the latter gives up its
energy to the electron (collision of the second kind), (ii) collisions between
atoms (for a gas with more than cne constituent), (iii) collisions with the
walls of the container, and (iv) spontancous emission. Regarding this last
case, we should always consider the possibility (particularly for the usually
very strong UV and VUV transitions) of radiation trapping. This process,
already discussed in Section 2.3.4, slows down the effective rate of sponta-
neous emission.

For a given discharge current, these various processes of excitation and
de-excitation lead eventually to some equilibrium distribution of population
among the energy levels being established. Thus it can be seen that the
production of a population inversion in a gas is a more complicated process
than ‘in a solid state laser, owing to the large number of phenomena
involved. In general we can say that a population inversion between two
given levels will occur when either (or both) of the following circumstances
occur: (i) The excitation rate is greater for the upper laser level than for the
lower laser level, and (ii) the decay of the upper laser level is slower than
that of the lower laser level. We recall that the latter is a necessary
condition for cw operation [see (5.26)]. If this condition is not satisfied,
however, laser action can still occur under pulsed operation provided
condition (i) is fulfilled (self-terminating lasers).

As far as their construction is concerned, many gas lasers have the
arrangement illustrated schematically in Fig. 6.3. The gas is contained in a
tube of suitable diameter (from a few millimeters to a few centimeters)
which is terminated by two end windows inclined at Brewster’s angle 8.
We recall that, for this angle of incidence, a laser beam polarized in the
plane of the figurc suffers no reflection losses at the window surfaces, and
consequently this is the direction of polarization that the laser output
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+ - FIG. 6.3. Schematic diagram ol a gas laser.
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adopts. Spherical mirrors rather than plane mirrors are generally used since

the former give better resonator stability (see discussion at the end of
Section 4.4.2).

6.3.1 Neutral Atom Lasers

The He-Ne'? lager may be considered (o be a typicat example (and
in fact a particularly important one) of this category of laser. It can
oscillate at any of the three following wavelengths: A, = 3.39 um, A, =
0.633 ym, and A; = 1.15 pm. It was the first gas laser to be made to oscillate
(at Ay = 1.15 um).!” The 0.633-um (red) He-Ne laser is one of the most
popular and most widely used of lasess.

The energy-level schemes of He and Ne are shown in Fig. 6.4. Laser
action occurs between energy levels of Ne, whereas the He is added to
assist in the pumping process. In fact, as can be seen from the figure, the
levels 2°S and 2'S of He are resonant with the levels 2s and 3s, respectively,
of Ne. Since the 2°S and 2'S levels are metastable, it is found that He
proves very efficient in pumping the Ne 2s and 3s levels by resonant energy
transfer. It has been confirmed that this process is the dominant one
producing population inversion in the He-Ne laser, although direct
electron-Ne collisions also contribute to the pumping. From what has been
said earlier, it can be seen that the Ne 25 and 3s levels can build up their
populations, and they are, therefore, likely candidates as upper levels for
laser tzansitions. Taking account of the selection rules, we see that the
possible transitions are those to p states. In addition, the decay time of the s
states (1, = 00 ns) is an order of magnitude longer than the decay time of
the p states (7, = 10 ns). So, the condition (5.26) for operation as a cw laser
is satisfied. From these considerations it is seen that laser oscillation might
be expecied on any of the transitions a, b, and ¢ of Fig. 6.4. Of the various
transitions of type a, the strongest turns out to be that between sublevel 3s,
of the 3s group and sublevel 3p, of the 3p group (A, = 3.39 pm). Among
the transitions of type b, it is the 35,-> 2p, transition (A, = 0.633 ym, red)
which features in the usual commercial He-Ne laser. The transition 2s,
- 2p, (of type c) produces the wavelength A, = 1.15 um. The He-Ne laser
will oscillate on transitions a, b, or ¢ according 1o whether the maximum
mircor reflectivity is at A, A,, or A,. The multilayer dielectric mirrors are,
therefore, made in such a way as to give a maximum reflectivity at the
desired wavelength.

The laser transition is broadened predominantly by the Doppler effect.
For instance, at A = 632.8 nm, from (2.106) natural broadening can be
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estimated 1o be Ar_,, = 1/271 =~ 19 MHz, where v+ '=1""'+ T, I and 1,
7, are the lifetimes of the s and p states respectively. Collision broadening
contributes even less than natural broadening [e.g., for pure Ne, A, = 0.6
MHz at the pressure p = 0.5 Torr, see (2.105a)]. Finally it should be noted
that the experimentally measured linewidth agrees well with the onc calcu-
lated ahove, thus confirming that the effective temperature of the Ne atoms
is the ambient lemperature,

Early designs of He-Ne laser followed the general scheme of Fig. 6.3,
hut this has been superseded by an arrangement in which the two ends of
the discharge tube are terminated by the two cavity mirrors, whose coated
faces are actually in the discharge region. Because of the complicated
processes which contribute 1o the excitation and de-excitation of its levels,
the He-Ne laser has optimum values for a number of its operational
parameters. In particular, these are (i} optimum value of the product of
total gas pressure p and tube diameter D (pD = 3.6-4 Torr X mm), (i)
opfimum value of the He:Ne ratio (~5:17 at A = 6327 nin and ~9:1 at
A= 1.15 pm), and (iii) optimum value of the discharge current density J,
The fact that there is an optimum value of pD indicates that it is the
electron temperature that is being optimized. The clementary theory of a
glow discharge in a positive column yields in fact a Maxwellian electron
energy distribution whose temperature depends only on the product pD (see
Section 3.3.2). The optimum value of current density (at least for the 3.39

FIG. 6.4, Energy levels of He and Ne.

and 0.6328 um transibons) occurs beeause. at high current densaties,
de-excitation of the He (2'S) metastable state occurs not only by diffusion
to the walls but also hy superelastic collision processes such as

1e(2'S)+ e>1e(1'S) + e (6.1)

Since the rate of this process is proportional to N,, the electron density (and
hence to J). the overall rate of de-excitation can be written as k; + kyJ,
where k, represents diffusion to the walls and k,J represents the super-
elastic collision process (6.1). Since the excitation rate of the 2'S level can
be expressed as kJ, the steady stafe 2'S population will be given by
NkJ /(k,+ kJ). where N is the population of ground-state He atoms.
Therefore the 2'S population of He and hence that of the 3s state of Ne
will saturate at high current densities, as indicated by the above relation.
On the other hand, it has heen found experimentally that the population of
the lower laser level {3p or 2p) kecps increasing with J (due to direct
pumping from ground-state Ne atoms and to radiative cascading from
upper laser levels). As the discharge current density is increased, so the
population difference increases to some maximum value and then de-
creases. Thus the laser gain and hence also the output power will have a
maximum value for some particular current density. !t should aiso be noted
that the laser gain is found experimentally to vary as D~ ', provided pD is
kept constant. This can be understood when it is realized that, at constant
pD. the clectron temperature is constant. Hence, all electron-collision
excitation processes scale simply as the number of atoms available for
excitation® Since both upper and lower laser levels are ultimately populated
by electron-collision processes, their population and hence the laser gain is
directly proportional to pressure or to D ' at constant pD.

The preceding considerations indicate that, for a given laser tube, the
range of possible current and pressure variation is rather limited. However,
by increasing the tube diameter, at constani pD, one can increase the laser
output. In this case, the gain decreases approximately as the inverse of the
tube diameter, and the cross-sectional area of the discharge increases as the
square of the diameter. The combined effect is Lo produce an oufput power
that is roughly proportional to the tube diameter. Well ahove threshold. the
output power increases linearly with length. A typical optimum output for a
100 cm X 6 mm cylindrical discharge might be 100 mW. Actually, most
He-Ne lasers are operated with a bore diameter of 1-6 mm, for reasons of
mode control. Since. as we have noted earlier, the linewidth Ap (fot the 63}
nm transition) is about 1700 MHz, it is possible to obtain oscillation in a
single longitudinal mode by using a cavity length which is short enough to
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give a longitudinal mode separation (c/2L) comparable to Av. In fact this
imphes L < 15-20 cm.

He-Ne. lasers oscillating on the red transition are widely used for
many applications where a fow-power visible beam is needed (—e.g. align-
ment, character reading, metrology, holography, video disk meltlurit"s).

l?esides the He-Nec laser there are other neutral atom pas lasers,
covering most of the inert gases (He, Ne, Kr, Ar, Xe). In general, for all of
lhesc. one finds an energy-level scheme similar to the type shown for Ne in
Fig. 6.4, apart from a change in scale. The first excited level (15) is not
usually used as a lower laser level since it is metastable. Hence, the levels
used in oblaining laser action are higher than the first (or first two) excited
levels. Because of this, neutral gas lasers usually operate in the red or near
infrared (1-10 pm).

Finally we note that the neutral atom lasers are not represented solely
by the inert gases and, in particular, we mention the class of metal vapor
lasers {Pb, Cu, Au, Ca, Sr, and Mn). Of these, the most important at
present is the Cu laser''”" which oscillates in the green (510.5 nm} where the
efficiency is quite high (~1%), and in the yellow, at 578.2 nm. All meta!
vapor lasers are self-terminating and are therefore operated in a pulsed
regime.

A general scheme for the relevant energy levels of this class of lasers is
shown in Fig. 6.5. The g -2 transition is allowed while the g - | transition
is forbidden by electric-dipole interaction. Under the Born approximation
we thus expect the electron-impact cross section of the £ 2 transition 1o
be appreciably larger than that of the g1 transition. To accumulate
sufficient population in the upper laser level, the 2 - g radialive transition
rate, which would usually be fast, must be slowed down to a value
wmparablc 10 the 2 > | radiative rate. This means that a sufficient atomic
density must be present to produce radiation trapping on the 2-» g transi-
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FIG. 65 General energy level scheme for a
g sell-terminaling metal vapor laser.
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tion. Note that since the 1-» g transition is forbidden, the laser can only
operate on 4 pulsed basis with pulse duration of the order of or shorter than
the Jifetime of level 2. The 1 -» g decay usually vccurs by collisions with the
walls or by atom-atom deactivation. The corresponding decay rale sets an
upper limit to the repetition rate of the laser.

I'he construction of a2 metal vapor laser follows the general scheme of
Fig. 6.3. Two characteristic features are, however, worth noting: (i) Self-
terminating lasers exhibit a very high gain per pass. Oscillation can there-
fore occur even without any mirrors through amplified sponlaneous emis-
sion (see Section 2.3.4). However, a unidirectional output and a lower
threshuold are obtained by using a 100% reflecting mirror at one end of the
tube and taking the output from the other end. (i) To obtain the required
vapor densities the laser must be operated at high temperature (~1500°C).
The laser tube is therefore usually made of alumina and the central region
is held in an oven. A few Torr of Ne is also added to the laser tube 10
prevent deposition of metal vapor on the (cold} end windows. The problem
of high operating temperatures can be cunsiderably alleviated by using
metal-halogen compounds (e.g., CuBr) rather than the purc metals. In this
case the required temperature is considerably lower (~550°C for CuBr)
and it can be achieved simply as the result of the heat generated by the
discharge (when the laser is operated at sufficiently high repetition rate).
However, the vapor then consists of CuBr rather than Cu, and to produce
atomic copper, a double discharge technique is used: the first discharge
pulse dissociates the CuBr molecule, while the second produces laser action.

Coppér vapor lasers have been operated with average powers of ~40
W and repetition rates of ~15 kHz, and in lact provide the most efficient
green laser source so far available. They are of interest for underwater
communications and remote sensing of submerged objects (seawater is
relatively transparent in the blue-green region), and also for some laser-
photochemistry applications.

6.3.2 Ion Lasers

In the case of an ionized alom, the scale of energ)'/ levels is expanded.
In this case, in fact, a given electron of the atom experiences the field due
to the positive charge Ze of the nucleus (Z being the atomic number of the
atom and e the electronic charge) screened by the negative charge (Z — 2)e
of the remaining electrons. The net effective charge is thus 2¢, wheréas, for
a neutral atom, it is only e. This expansion in energy scale means that ion
lasers typically operate in the visible or wltraviolet regions. We will separate



the ion lasers nto twa categoeties: (i) wn gas lasers and (1) melal vapor
lasers.

6.3.2.1 Ion Gas Lasers''" '

In an ion gas laser, the upper taser level becomes populated hy two
successive collisions with the electrons in the discharge. The first produces
an ion from the neutral atom, while the second excites this ion, The pump
process is therefore a two-slep process involving the discharge current
density J (i.e.. it is proportional o J 7 or to higher powers of J, as we shall
see later on). For this process to be efficient, a high current density is
required. An ion gas laser thus requires a much higher current density than
a neutral gas laser.

Of the various jon gas lasers, we will consider in some detail the Ar*
laser. A level scheme showing the principal energy levels of Ar* is given in
Fig. 6.6. Population of the upper level (dp) of the laser transition can be
achieved by three distinet processes: (i) electron collisions with At* jons in
their ground state [process (a)]: (1) electron collisions with ions in metasta-
ble levels [process (b)): (iii) radiative cascade from higher levels [process
(c)].  we let N, be the density of Ar* ions in the ground state and N, the
clectron density, and if we assume that the plasma as a whole is neutral,
then we can say that N, > N_. With this assumption. process (a) produces a
pump rate per unit volume (dN,/dr), of the form

(dNy/dt) = NN, o N} (6.2)

Since the discharge reaches a condition in which the electric field is
constant, the electron density N, will be proportional to the discharge
current density J. From (6.2) it follows that (dN,/dr), o J 2. This quadratic
dependence on current has been confirmed by ohserving the variation of
spontancously emitted power as a function of J. This would at first sight
appear o be evidence in favor of process (a). However. processes (b) and
(c) also give similar dependences of (dN,/dt), on J. This is immediately
obvious in the case of process (c). In fact, the populations of those levels
from which the cascade process originates will also be proportional to NN,
and hence to ¥2. In the case of process (b) the calculation is slightly more
complicated. The population N, of the metastable levels, which is deter-
mined by a balance between excitation and de-excitation processes, is given
by

N x NN/J(K+N,) (6.3)

s b

metostable 4s
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251 120 A
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FIG. 6.6. Three different processes contributing 1o pumping of the upper vael (4p) of an Ar*
iaser: () electron collisions with ground-state juns, (h) electron collisions with metasiable-state
ions, (¢) radiative cascade from higher levels.

The term K in the denominator of {6.3) accounts for spontancous de-
excitation of the metastable level. while the term ¥, accounts for de-
excitation by electron collisions. From (6.3) one finds that process (b)
produces a pumping rate .

(dNy/dt), o N, N, NY/(K + N,) (6.4)
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However, since the metastables are more likely to be de-excited by clectron
collisions than by spontaneous emission (ie., K < N ot is seen from (6.4)
that one again has the result that (dN,/di), « NZ. It is probahle then that
all three of the processes listed contribute to populating the laser level. Tt
has been demonstrated, in fact, that a fraction, 23-50%, of the upper levcel
population is due to the cascade process (c). Finally, we note that the
lifetime uf the upper laser level is ~10 ¥ 5, while the lower laser level (45) is
connected to the ground state by a radiative transition with a much shorter
bfetime (10  s). So in this case also, condition {5.26) is satisfied. The
Daoppler linewidth Av} is ~3500 M1z and from (2.113) it is seen that this
implies a temperature 7 = 3000°K. The ions are therefore very “hot™ as a
result of being accelerated by the electric field in the discharge.

A schematic diagram of an Ar* laser lube construction is given in Fig,
6.7. Because of the high current density there is a migration of Ar* ions
towards the cathode (cataphoresis), and a return tube, as shown in the
figure, is provided to compensate for this. Obviously, the return tube lengih
must be greater than that of the laser ube (o prevent the discharge passing
along the return tube instead of the laser tube. At the high current densities
involved, one of the most serious technological problems is damage to the
tebe caused by ions colliding with it (T = 3000°K). Because of this, the
tube is usually made of a ceramic material (beryllia) or of graphite. Also. a
static magnetic field 1s applied, paraliel to the tube axis, in the discharge
region. With this arrangement the Lorentz force reduces the rate of diffu-
sion of electrons towards the walls. This increases the number of free
electrons at the center of the tube which leads to an increase in the pump
rate and hence in the output power. By confining the discharge towards the
center of the tube, the magnetic field also alleviates the problem of wall
damage. Unlike the He-Ne laser, in this case, the gain does not depend on
the internal diameter of the tube since an accumulation of population in
the metastable levels does not decrease the population inversion. In com-
mercial lasers, however, the tube diameter is kept small (a few millimeters)
to confine oscillation (o the TEM, mode and to reduce the tota) current

FiG. 6.7 Schemauc diagram of an Ar' Liser tube
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required. On the other hand, if one wants to increase the output power or
reduce the problem of wall damage, there is an advantage to be gained
from using substantially greater diameters.

The Ar* laser can oscillate at a number of wavelengths, the most
intense being at A, =488 nm (blue) and A, = 5145 nm (green). It is
pussible to achieve oscillation on just a single bine using the scheme of Fig.
5.7. An important characteristic of the Ar' laser (and of ion lasers in
general) is that the output power increases rapidly with increasing discharge
current. Unlike the He-Ne laser, the output power of the Ar* laser
continues 1o increase with increasing excitation power. This is because the
process of saturation of inversion (in this case due o resonance trapping of
radiation on the 720 A transition of Fig. 6.6) only hecomes significant fur
current densities much higher than those that can be reached in practice.
For the reasons given above, it has been possible o obtain very high output
powers from Ar* lasers (up to 200 W continuous from a |-cm-diameter
tube). The laser cfficiency is very low, however (< 10 ' '). Argon lasers are
widely used as a pump for cw dve lasers, for a variety of scientific
applications (light-matter interactions). in laser printers, in laser surgery,
and in the field of laser entertainment.

We conclude this section by mentioning the Kr' laser which, of the
various other ion gas lasers, is the most widely used. 1t alsu oscillates at a
number of wavelengths, of which the most powerful is in the red (647.1
nm).

3
6.3.2.2 Metal Vapor Lasers

The following metals have been used in vapor form to produce laser
action: Sn, Pb, Zn, Cd, and Se. Of these lasers, the most widely used are
those using Cd or Se vapors. Cd vapor produces strong cw laser action at
the wavelengths A, = 441 nm and A, = 325 nm. The latier wavelength is
particularly interesting for many applications since it falls in the UV region
of the e.m. spectrum. Se vapor gives strong cw laser action on at least 19
wavelengths that cover most of the visible spectrum. Unlike ion gas lasers,
in metal vapor lasers there are two quite different pump processes! that can
be used: (i) Penning ionization, (i} charge transfer ionization. Since these
are single-step processes, the corresponding pump rate is now proportional
to J rather than to J* (or J ') as for the ion gas lasers. Much lower current

TThe Ar* laser cannot use Lhese processes hecause its laser levels are very hiph i energy (~35
eV, see Fig. 6.6).
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density and electrical power per unit length are therefore required for metal
vapor lasers compared to jon gas lasers,
The Penning ionization process can be written as

A*+ B >A+B* +e (6.5)

where the ion B * in its final state mav or may not be internally excited. Of
course, this can only occur if the excitation energy of the excited atom 4* 15
greater than or equal to the energy required to jonize the other atom B. The
surplus energy is transformed to kinetic energy of the electron. The process
is most prominent when the excited species A* is in a metastable state.
Note that, unlike resunant energy transfer, Penning ionization is a nonre-
sonant process: The excitation energy of A* need only be greater than the
ionization energy plus the excilation energy of atom B (if atom B is to be
left in an cxcited state). Any surplus energy can in fact be removed as
kinetic energy of the ejected electron. Charge transfer ionization, on the
other hand, is a process of the type

A*+B->A+(B*)* (6.6)

Here the ionization energy of atom A is transformed into ionization plus
excilation energy of atom B. Since no electrons are ejected in this case, the
process must be resonant: The jonization energy of A must equal the
ionization plus excitation energy of B. The process is particularly effective
if the 4 * ion is metastable (i.e., if it has a long lifetime).

After this brief discussion of the main pump mechanisms of metal
vapor lasers, we will now describe the 1wo mosl widely used lasers in this
category: the He-C'd and He-Se lascrs. The energy levels of the He-Cd
system are shown in Fig. 6.8. The Cd laser is thus scen to be pumped
predominantly by the Penning ionization process. The 2'S and 2°5 metasta-
ble states of He can excite cither the D, , and D, , states or the *P,,,
and ’P,,, states of Cd*. Although the process is not resonant. it has been
found that the cross section lor excitation of the D states is about three
times greater than that of the P states. What is more important, however, is
that the lifetime of D states (1077 5) is much longer than the lifetime of P
states (107° s). Population inversion between the D and P states can.
therefore, be produced readily and laser action has been achieved on the
Dy, 3Py (A = 325 nm) and the Dy, P, ,, (A = 441.6 nm) lines. The
Cd" ions then drop to the °S| ,, ground state by radiative decay. In the case
of the He-Se laser, the energy of the upper laser levels of the Se* ion (i.c..
the sum of the ionization plus excitation energy of the Se atom) is ~25 eV
(Fig. 6.9), i.e,, greater than the excitation energy of the He metastable
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states. Therefore the upper laser levels can only be pumped by charge
transfer jonization (the He* ion has in fact an energy of ~25 eV). This
process is very cffective since the He* jon has a long lifetime (it is
determined only by electron recombination).

In its construction, a metal vapor laser is not very different from that
shown in Fig. 6.3. In one possible configuration, however, the tube has a
small reservoir near the anode to contain the metal. This reservoir is heated
to 2 high enough temperature (~250°C) lo produce the desired vapor
pressure in the tube. When the vapor reaches the discharge, some ol the
atoms are ionized and these migrate toward the cathode. The discharge
produces enough heat to prevent condensation of the vapor on lhe,walls of
the tube. The vapor condenses, however, when it reaches the ‘cathode
region, where there is no discharge, and the temperature is low. The nel



218 Chap. 6+ Tvpes of Lusers

upper laser
leveis
sl He* {
s -
~» 7
transier
L
20— -
lower loser
= lovels
o
»
215~ .
.
L
w
10+ —
Set
{ground state)
54— -
He Se

FiGi. 6.9 Relevant energy levels of the He-Se laser.

result is & continuous Mlow of metal vapor from the anode 1o the cathode
{this Flow is called caraphoresis). Therefore a sufficient supply of Cd (1 g per
1000 h) must be provided for the life of the tube. He- Cd and He--Se lasers
can give output powers of 50-100 mW, which places them in an intermedi-
ate position between red He-Ne lasers (a few milliwatts) and Ar* fasers (a
few watis), He-Cd lasers are atiractive for many applications where a blue
or UV beam of moderate power is of interest (e.g., facsimile systems,
reprographic systems, and Raman and fluorescence experiments).

6.3.3 Molecular Gas Lasers

These lasers exploit transitions between the energy levels of a molecule.
Depending on the type of transition invoived, molecular gas lasers can be
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placed in one of the three following categories: (i) Vibrational-rotational
fasers. These lasers use transitions between vibrational levels of the same
electronic state (the ground state). The energy difference between the levels
involved in this type of transition (see Section 2.9.1) means that these lasers
wscillate in the middie- and far-infrared (5-300 pm). (1) Vibronic lasers.
These lasers use transitions between vibrational levels of different electronic
states (the word “vibronic” is a contraction from the words “vibrational™
and “electronic™). In this case the oscilfation wavelength falls in the
visible /UV region. (iii) Pure rotational lasers which use transitions between
different rotational levels of the same vibrational state. The corresponding
wavelength falls in the far infrared (25 pm 0 } mm). Laser action 1% more
difficult to achieve in this type of laser since thc relaxation between
rotational levels is generally very fast, These fasers are usually pumped
optically,''" using the output of another laser as the pump {commonly a
CO, laser). Optical pumping excites the given molecule (e.g. CH,F,
A = 496 pm) to a rotalional level belonging to some vibrational state above
the ground level. Laser action then takes place between rotational levels of
this upper vibrational state.

6.3.3.1 Vibrational- Rotational Lasers

Of the various vibrational--rolational lasers, we will discuss the CQO,
laser in some detail!'*'" This laser uses a mixture of CO,, N,, and He.
Oscillagion takes place between two vibrational levels in €O,, while, as we
shall see. the N, and He greally improve the efficiency of laser action. The
CO, laser is actually one of the most powerful lasers (output powers of —80
kW have been demonstrated from a €O, gas-dynamic laser) and one of the
most efficient (15-20%). Only the CO laser and the pulsed, electron-beam-
initiated HF chemical laser have been reported with higher -fliciencies.

Figure 6.10 shows the vibrational encrgy-level schemes for the elec-
tronic ground states of the CO, and N, molecules. N,, being a diatomic
molecule, has only one vibrational mode, and the lowest two vibrational
levels (v =0, v = 1) are indicated in the figure. The energy levels for CO,
are more complicated since CO, is a linear triatomic molecule. In this case,
there are three nondegenerate modes of vibration (Fig. 6.1§): (1) symmelric
stretching mode, (2) bending mode, and (3) asymmetric stretching mode.
The oscillation behavior is therefore described by means of three quantum
numbers n,, n,, and ny, which give the number of quanta in cach vibra-
tional mode. The corresponding level is therefore desygnated by these three
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quantum numbers written in the order m,. ny.n,. For example, the 01'0
level' corresponds to an oscillation in which there is one vibrational
quantum in mode 2. Since mode 2 has the smallest force constant of the
three modes (the vibrational motion is transverse), it follows that this level
will have the lowest energy. Laser action takes place between the 00"! and
10°0 levels (A= 10.6 um) although it is also possible lo obtain oscillation
between 00°1 and 02%0 (A=9.6 um). In fact, taking account of the
rotational levels (which are not shown in Fig. 6.10). oscillation can take
place on two sets of lines centered around A = 10.6 ym and A = 9.6 um,
respectively. The 00°1 level is very efficiently pumped by two processes:

(i) Electron Collisions. € + COL{00°0)-3 ¢ + COL00"1). The electron

! The superscript (which we will denote by /) on the hending quantum number arises from the
fact that the bending vibration is, in this case, doubly degenerate: it can occur both in the
plang of Fig. 6.11 and in the plane orthogonal 1o it. A bending vibration therefore consists of
s suitable combination of these two vibrations. The superscript 7 characterizes this combina-
tion; more precisely, /h gives the angular momentum of this vibration about the axis of the
F‘(), mulecule. For example, in the D20 state (/ = 0) the two degenerate vibrations combine
in such & way to give an angular momentum /A = 0. .

]
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FIG. 611, The three fundamental modes of vibration for a CO; molecule: tr() symmetric
sirelching mode, {r,) bending mode, {14) asymmeline stretching mode.

collision cross section for this process is very large. Electron collisions
populate the 00"1 fevel preferentially (and not the lower laser levels 1070
and 02°0), probably hecause the 00™1 > 00"0 transition is an atlowed optical
transition, whereas the 00°0 — 10"0 (ransition is not.

(i) Resonant Energy Transfer from N, Molecule. This process is also
very cfficient because of the small energy difference between the two levels
(AF = 18 ¢m ). In addition the excitation of N, from the ground level to
the v = | level by electron collisions is a very efficient process and the ¢ = |
level is metastabie (the 1 >0 transition is forbidden for electric-dipole
radiation since. by virtue of its symmetry, a N-N molecule cannot have a
pet electric dipole moment), Finally the higher vibrational levels of N, are
also closely resonanl (AE < kT) with the corresponding CO, levels (up to
00"4), and transitions between the excited levels 00n and the D01 are fast. In
fact they occur very effectively through collisions with ground-state CO,
molecutes in the following (nearly) resonant process:

CO,4(0,0.n) + €0,(0.0,0) »CO0.0,n — 1) + CO,0.0.1)  (6.7)

This process tends to degrade all excited molecules to the (0.0, 1) state.
Actually. devel thermalization hetween the (0.0. 1) and the upper vibrational
stale is readily established in this way, and this vibrational system can be
described by a vibrational temperature T, It can be seen then that, through
these various processes, pumping of the upper laser level is a very clficient
process, and this explains the high efficiency of the CO, laser.

The next point to consider is the decay of the upper laser level and
how it compares with the decay rate of the lower laser level. Although the
transitions 001 - 1070, 00™1 -»02"0, 10°0->01'0, and 02°0->01°0 are opti-
cally allowed, the corresponding decay times 7, for spontancous emission
are very long (we recall that r o | /w"). The decay of these various levels
is therefore essentially determined by collisions. Accordingly. the decay
time 7, of the upper laser level can be obtained from a formula of the type

L-Sap . (68)

where the p, are partial pressures and the a; are constants which are
characteristic of the gases in the discharge. Taking, for example, the case of
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a partial pressure of 1.5 Torr for CO,, 1.5 Torr for N,, and 12 Torr for He.
one finds that the upper level has a lifetime 7, ~04 ms. As far as the
relaxation rate of the lower level is concerned, we begin by noting that the
100+ 020 transition is very fast and it occurs even in an isolated molecule.
In fact the energy difference between the two levels is much smaller than
kT. Furthermore, a coupling between the two states is present (Fermi
resonance) because a bending vibration tends 10 induce a change of
distance between the two oxygen atom (i.e., induce a symmetric stretching).
Levels 10° and 020 are then effectively coupled to the 01'0 level by a
near-resonant, collision process involving CO, molecules in the ground
state:

CO,(10%) + CO,(00°0) - COL(01'0) + CO,(01'0) + AE  (6.9a)
C0,(02°) + CO,(00°0) > COL01'0) + CO,01'0) + AE"  (6.9b)

The iwo above processes have a very high probability since AE and AE’
are much smaller than kT §t follows, therefore, that the three levels 10°0,
02'0, and 01'0 reach thermal equilibrium in a very short time. This
amounts to saying that the populations of these three levels can be
described by a vibrational temperature T,. Generally this temperature T,is
not the same as 7. We are therefore left with the decay from the 01'0 to
the ground level 00"0. I this decay were slow, it would lead 1o an
accumulation of molecules in the 01'0 level during laser action. This in turn
would produce an accumulation in the 10°0 and 02°0 levels since these are
in thermal equilibrium with the 01'0 level. Thus a slowing down of the
decay process of all three levels would occur, i.e., the 01'0-+ 000 transition
would constitute a “botileneck™ in the overall decay process. |t is, therefore,
important to Jook into the guestion of the lifetime of the 01'0 level. This
lifetime is also given by an expression of the type (6.8), and in this case the
lifetime is greatly influenced by the presence of He (i.c., the coefficient a,
for He is very large). For the same partial pressures as considered in the
example above, one obtains a lifetime of about 20 ps. It follows from the
above discussion that this will also be the value of the lifetime of the lower
laser level. Therefore condition (5.26) is easily satisfied in this case. Note
that, since the 01'0-— 00% transition is the lcast energetic transition in any
of the molecules in the discharge, telaxation from the 01'0 level can only
occur by transferring this vibrational energy to translational energy of the
colliding partners (V-T relaxation). Finally, we note that the prescnce of

'Relaxation processes in which vibrationat energy is given up as vibrational energy of another
hike or unlike mulecule ar o usually referred 1o as V-V relaxations.
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He has another valuable effect. The He, because of is high thermal
conductivity, helps to keep the CO, cool by conducting heat away to the
walls. A low translational temperature for CO, is necessary to avoid
population of the lower laser level by thermal excitation. The energy
scparation between the levels is, in fact, comparable to kT, In conclusion,
the heneficial effects of the N, and He can be summarized as follows: The
N, helps to produce a large population in the upper laser level while the He
helps to empty population from the lower laser level.

From the point of view of their construction, CO, lasers can be
separaled into six categories: (i) lasers with longitudinal flow, (i) sealed-off
lasers, (iii) waveguide lasers, (iv) transverse-flow lasers, (v) transversely
excited atmospheric pressure (TEA) lasers, and (vi) gas-dynamic lasers.

(i) Lasers with Longitudinal Gas Flow. The first CO, laser operation ey
was achieved in a laser of this type, and Fig. 6.12 shows one possible
configuration. The mirrors can be internal {in contact with the gas), as in
the figure, or external. In the latter case, the tube has a Brewster-angle
window at cach end (see Fig, 6.3). In the former case, at least one of the
{(metallic) mirrors needs to be kept at high voltage. The main reason for
flowing the gas mixture is (o remove the dissociation products, in particular
Q. which would otherwise contaminate the laser. 1t is importani to note
that, except fur very high flow velocities (supersonic flows), the heat
dissipated in the discharge is removed by heat diffusion to the walls of the
tube (which is water-cooled). In this case there is a maximum laser output
power that can be obtained per unit length of the discharge (50-60 W /m)
independtnt of the tube diameter. This comes aboul as a result of the
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FIG. 6.12. Schemaltic diagram of a CQ), laser with longitudinal gas flow.



following threc circumstances: (1) I the tube diameter and the pressure are
fixed. there will he same optimum value of current density. This is due to
the fact that, at high current densities, there will he a rise in gas tempera-
ture with a consequent increase in population of the lower laser level. (2) 1f
the diameter is lixed, there will be some oplimum set of values for the
partial pressures of the gases in the mixture and particularly of the CO,. To
explain this optimum CO, pressure. we begin by noting that from equations
(5.17y and (5.1R) one has the result that, at threshold. the number of aloms
pumped per second into the upper laser level is

(AN, /dry = W(N, ~ N,) = (v/alr) B/

where Awy, is the linewidth and 1 is the lifetime of the upper level. Since this
lifetime is determined by collisions, it is inversely proportional to the
pressure p. The transition linewidth is the combined result of Doppler
broadening and collision broadening. Therefore, Aw, increases with increas-
ing pressure (for high pressures Aw, o p). Since the threshold electrical
power P, is proportional to {dN,/df}, it follows that P, will increase with
increasing pressure (P, o p? at high pressures). The power dissipated in the
gas therefore increases rapidly with increasing pressure. Above a certain
pressure this will produce such a large temperature rise that the output
power decreases. (3) The optimum values for current density J and pressure
p are more ot less inversely proportional to the laser tube diameter D (e.g.,
Pop= 15 Torr for D = 1.5 cm). This can be understood when one realizes
that for larger diameters the generated heat has more difficulty in escaping
to the walls. If we call o, the CO, cross section for electron impact
excitation to the 00"t level, the number of molecules pumped into the
upper level per second is given by (3.19):

( dnN, ) Jo (N, — N _Jo.N,
r

dt

4 €

where e is the electron charge. For pump rates well above threshold, the
output power is proportional to (dN,/dr), and therefore

P« JNV,x JpDY (6.10

where ¥, is the volume of active material and / its length. Since the
optimum values of J and p are inversely proportional to D, it follows that
the optimum value of P depends only on the length /.

The total gas pressure in a longitudinal-flow CQ, laser is of the order
of 15 Torr {for D = 1.5 cm). At this pressure a major contribution to the
laser linewidth comes from Doppler broadening (~50 MHz). The small
value of Doppler linewidth (compared 1o visible gas lasers) is a result of the
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FIG. 6.13 Relative population of the rolationat levels of a given vibrational level (e.g.. the
upper laser level of CO,).

low frequency wq of the transition. The small Doppler W'idﬂ:l also means
that in this case collision broadening is not negligible. In fact it amounts to
Av, = 1.58(yco, + 0.73¢5, + 0.694,)p(300/ TV MHz, where the ¢ are
fractional partial pressures of the gas mixture and p the total p.rcssure (in
Torr). With this small linewidth, longitudinal-flow lasers aut‘omaucally have
their pscillation confined to a single longitudinal mode provided the resona-
tor length is less than ~1 m. In this case, therefore, it becomes necessary to
finely adjust the cavity length to ensurc that a mode falls ‘al the center of
the gain curve. Actually, in our discussion so far we have ignored the fact
that the upper laser level is made up from many rotalif)nal Iew:ls whose
population is given by the Boltzmann distribution (see Fig. 6.13). Ac':cord-
ingly, the laser transition consists of several equally spaced rotational-
vibrational transitions (separated by ~2 ecm” '} belonging to both P and R
branches (see Fig. 2.25). However, it is usually only the rotational transition
with the largest gain, i.c., originating from the most heavily populated level,
that actually oscillates [P(22) transition]. This is because the rate of
thermalization of the rotational levels (~ 10" s ' Torr™ ') is faster than ti_w
rate of decrease of population (due to spontaneous and stimulated emis-
sion) of the rotational level which is oscillating. Therc{ore: the entire

tNote that, for symmetry reasons, only levels with odd values of J are occupied.
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population of rotationat levels will contribute to laser action on the rota-
tional level with highest gain. It was mentioned earlier that laser action can
take place either on the 00°1 - 10°0 transition or on the 00° -»>02%
transition. Since the first of these has the greater gain and since both
transitions have the same upper level, it follows that it is usually the
00”1 - 10° transition (10.6 um} which oscillates. To summarize, we can say
that oscillation usually takes place in a single rotational line of the 00°|
- 10°0 transition. To obtain oscillation on the 9.6-um line or on a different
rotational line, some appropriate frequency-selective device is placed 1n the
cavity to suppress laser action on the line with highest gain. In fact the
arrangemenlt of Fig. 5.7b is commonly used. Finally we note that, with its
long lifetime for the upper laser level (1~ 0.4 msec), the CO, laser lends
iself particularly well to Q-switched operation. Repetitive Q switching is
acheved by spinning one of the two mirrors at high speed while the gas is
pumped by a continuous electrical discharge. However, the average power
obtained in this way is only a small fraction (~5%) of that availuble from
the same laser when operated cw. This is due 1o the facl thal, when ¢
switched, the output pulse duration is comparable to the time taken for
thermalization of the rotational levels. It is then no tonger possible for the
entire population of the rotational levels to contribute to laser action on the
rotational line which is vscillating.

CO, lasers with longitudinal gas flow typically produce outpul powers
of 50-500 W. Powers of 50-100 W are needed for laser surgery while
powers up to 500 W are used in applications such as ceramic scribing,
cutting of nonmetallic materials, resistor trimming, and welding of metals
with a few millimeters thickness.

(ii} Sealed-off Lasers. 1f the flow of the gas mixture were stopped in the
arrangement shown in Fig. 6.12, luser action would cease in a few minutes,
This is because the chemical reaction products formed in the discharge
(CO, in particular) would no longer be removed and would instead be
absorbed in the walls of the (ube or react with the electrodes, thus
upseting the CO,-CO-0, equilibrium. Ultimately this would lead to
dissociation of the C0,. For a sealed-off laser, some kind of catalyst must
be present in the gas tube (o promote the regeneration of CO, from the CO,
A simple way to achieve this is to add a small amount of H,0 (1%} w the
gas tl'nixture. This leads to regeneration of CQO,, probably through the
reaction

CO* + OH ->CO? + 1 (6.11)

involving vibrationally excited CO and C0O, molecules. The relatively small
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amount of H,O vapor required may be added in the form of hydrogen and
oxygen gas. In facl, since oxygen is produced during the dissociation of
CQ,, it is found that only hydrogen need be added. Another way of
inducing the recombination reaction relics on the use of a hot (300°C) Ni
cathode which acts as a catalyst. With these techniques, lifetimes for
sealed-off tubes in excess of 10,000 h have been demonstrated.

Sealed-off lasers have produced output powers per unit length of ~60
W/m, comparable to those for longitudinal-flow lasers. Low power (~1
W) sealed-off lasers of short length and hence operating in a single mode
are often used as local oscillators in optical heterodyne expenments.
Sealed-off CO, lasers of somewhat higher power (~ M) W) are attractive for
laser microsurgery. )

{iii} Waveguide Lasers.'” 1f the diameter of the laser tube in Fig. 6,12
is reduced to about 1 mm, a situation is reached where the laser radiation 15
guided by the inner walls of the tube. Such waveguice €O, lasers have a
low diffraction toss. Tubes of BeO or 5i0, have been found 1o give the best
performance. The power per unit length and efficiency of a waveguide laser
are both somewhat smaller than the corresponding values for a conven-
tional longitudinal-flow laser. The main advantage of a waveguide laser is
the relatively large tuning range {~1 Gliz) resulting from the increased
opuimutn operating pressure (100-200 Torr). This is a very attractive
feature where the laser is to be used as a local oscillator in an optical
heterodyne experiment.

{iv) Transverse-Flow Lasers. We have seen that, for longitudinal-flow
lasers (aﬁd also for sealed-off lasers) there is some maximum laser power
that can be extracted. This is essentially due to a heating problem: with an
elficiency of 20%, aboul 80% of the electrical power s dissipated in the
discharge as heat. In those lasers the heat removal is effected simply by
diffusion from the center of the tube towards the walls (which are cooled).
A much more efficient way is to flow the gas perpendicular 1o the discharge
(Fig. 6.14). If the flow is fast cnough, the heat gets carried away by
convection rather than by diffusion. The saturation of onlput power versus
discharge current density now occurs at much higher values than in the
longitudinal-flow arrangement. The optimum total pressure is now an order
of magnitude greater (~ 100 Torr) and consequently, output powers well in
excess of 1 kW can be obtained from these lasers with a length of ~1 m
(see also Fig. 5.13). The increased total pressure p requires a corresponding

increase of the electric field & in the discharge. In fact, for optimum
operating conditions, the ratio & /p must remain approximately the same
for all of these cases since this rativ determines the average energy of the
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discharge clectrons [see (1.23)]. With this larger value of electric field, a
longitudinal-discharge arrangement such as in Fig. 6.12 would be impracti-
cal since it would require a very high applied voltage (100-500 kV for a
I-m discharge). For this rcason. the discharge is usually applied in a
direction perpendicular to the resonator axis (lasers with transverse clectric
field, TE lasers). TE discharges can be classified into two types: sclf-
sustained and non-self-sustained. In the self-sustained discharge the gas
ionization is effected by the discharge. Therefore the value of & /p must he
sufficiently large 1o promote avalanche ionization of the gas. In the non-
scif-sustained discharge. ionization is provided by auxiliary means such as a
source of ionizing radiation. The & /p ratio can then be reduced to the
value which maximizes the excitation of the upper laser level. In Fig. 6.15
an example is shown in which the main discharge is sustained hy an
auxiliary electron heam.

TE CO, lasers with fast transverse flow and high output powers (-15
kW) are used in a great variety of metalworking applications (culling,
welding, surface hardening. surface metal alloying).

{v) Transversely Excited Atmospheric Pressure CO, Lasers.""™ in a cw
TE CO, laser, it is not easy to increase the operating pressure above — 100
Torr. Above this pressure and at the current densities normally used, glow
discharge instabilities set in and result in the formation of arcs within the
discharge volume. To overcome this difficulty. the voltage can be applied to
the transverse electrodes in the form of a pulse. If the pulse duration is
sufficiently short {a fraction of a microsecond), the discharge instabilities

Mirror
Hi-Vacuum ‘”,,2',.':].2‘,?...

Emitter ‘ l‘d;!”'

€-
Mirror Beam

FIG. 6,15 E-heam sustained TE CO, laser |after Daugherty' ™).

have no time to develop and the operating pressure can then be increased
up to and above atmospheric pressure. These lasers are therefore referred o
as TEA lasers. the abhreviation standing for transversely excited atmo-
spheric pressure. Thesc lasers thus produce a pulsed output and are capahle
of large output energies per unit volume of the discharge (10-50 J /liter).
To avoid are formation, some form of ionization is also applied, which just
precedes the voltage pulse producing the gas excitation { pre-ionization). A
possible configuration is shown in Fig. 6.16, where the cathode structure
consists of a trigger electrode in close proximity to a mesh and insulated
from if by a dielectric sheet. A trigger pulse of high voltage is [irst applicd
between the trigger electrode and the mesh. and ions will thus be created
near the cathode (corona effecl). The main discharge pulse is then applied
between the anode and the mesh cathode to excite the entire laser volume.
This excitalion method is often referred to as the double-discharge tech-
nique. Other preionization techniques include the use of pulsed e-beam
guns {e-beam pre-ionization) or of suitable UV-emitting sparks to produce
UV photoionization (UV pre-ionization). Since the transverse dimensions of

Solid slectrode (sleminum)

. ‘:))
L7 Mekh electrode

FIG. 6.06. Flectrode assembly for Intointoss ateet]

double-discharge TEA €O, laser A W
[after Richardson er al.!"'}. Trigger stectrode
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the laser are usually large, the two end mirrors are often chosen to give an
unstable resonator configuration (positive-branch unstable confocal resona-
tor, see Fig. 426). For low pulse repetition rates (~1 Ilz), it proves
unnecessary to flow the gas mixture. For higher repetition rates (up to u few
kilohertz) the gas mixture is flowed transversely to the resonator axis and is
cooled by a suitable heat exchanger. Another interesting characteristic of
these lasers is their relatively broad linewidths (~4 GHz at p=1aum, due
to collision broadening). Thus, by mode-locking TEA lasers, optical pulses
with less than 1-ns duration have been produced. A very important applica-
tion of TEA CO, lasers is in laser fusion experiments. A system based on
TEA CO, lasers, delivering pulses with a peak power of 20 TW and total
energy of 10 kJ, has already been built (the Helios laser). A system which
should give an order of magnitude more power and energy is under
constsuction (Antares laser, 100 kJ, 100--200 TW),

(vi) Gas-Dynamic CO, Laser.'” The gas-dynamic CO, laser deserves a
special mention since, in this laser, population inversion is not produced by
an electrical discharge but by rapid expansion of a gas mixture (containing
('0,) which has initially been heated to a high temperature. Population
inversion is produced downstream in the expansion region. Gas-dynamic
CO, lasers have produced some of the largest powers so far reported in the
unclassified literature.

The operating principle of a gas-dynamic laser can be summarized as
follows (see Fig. 6.17). Suppose that the gas mixture is first held at high
lemperature (e.g., 7 = 1400°K) and pressure (e.g, p=17 atm) in an
appropniate container. Since the gas is initially in thermal equilibrium and
al a high temperature, the population of the 00"t level of CO, will be
appreciable (~10% of the ground-siate population, see Fig. 6.17b). The
lower-level population s, of course, higher than this (~25%), and there is
no population iaversion. Now suppose the mixture is made to expand
through some expansion nozzles (Fig. 6.17¢). Since the expansion is adia-
batic, the translational temperature of the mixture will be reduced to a
much lower value. Due to V-T relaxation, the populations of both upper
and lower laser levels will tend to relax to the new equilibrium values,
However, since the lifetime of the upper state is longer than that of the
lower stafe, the relaxation of the lower level will occur at an earlier stage in
the expansion process (Fig. 6.17b). Thus there will exist a fairly extensive
region downsiream from the expansion zone where there will be a popula-
tion inversion. The length L of this region is roughly determined by the
time taken for the N, molecule 1o transfer its excitation to the €O,
molecule. The 1wo laser mirrors are thus chosen (o have a rectangular
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FIG. 6.17. Schematic illustration of the operation of a gas-dynamic ('O, fuser: (a) principle of
the system, (b} spatial behavior of the population M* for the upper and lower laser levels
(normalized with respect to the population N, of the ground level), {(¢) cavily geometry. Parts
(a) and (b) have been reprinied by permission from fEEE Speetrum, Vol 7, No 1,
November, 1970, pp. 51-58. Copynight 1970 by the Institute of klectrical and Flecironics
Fogineers, Inc.

shape aml are positioned as shown in Fig. 6.17c. This method of producing
a population inversion will only work effectively if the expansion process
reduces the temperature and pressure of the mixture in a time which is (i)
short compared (o the lifetime of the upper faser level and ({ii) long
compared (0 the lifetime of the lower laser level. To satisfy these conditions,
expansion to supersonic velocities (Mach 4) is required. Finally we note



that the gas mixture is usually raised to its initial high temperature by
combustion of appropriate fuels (e.g., combuston of €O and H, or of
benzene, C .. and nitrous oxide, N,O. thus automatically supplying a
CO,/H,0 ratioof 2:1).

Gas-dynamic (O, lasers have been reported which produce output
power up to B0 kW with a chemical efficiency' of 1%. So far, this type of
laser can only he operated continuously for a short time (a few seconds)
because of the heating produced by the laser beam in some of the
components (particularly the mirrors).

The category of gas lasers using vibrational-rotational transitions is
obviously not limited to the CO, laser. Other examples which should be
mentioned are the CO (A=35 pm) and the HCN laser. The latter can
oscillate at wavelengths as long as A = 773 um = 0.773 mm., thus reaching
the millimeter wave region. The CO laser has attracted considerable interest
on account of its high power and efficiency. Output powers in excess of 100
kW and efficicucies in excess of 607 have been demonstrated.”™ However,
to achieve this sort of performance the gas mixture must be kept at
cryogenic temperature (77-100"K}. Laser action, im the 5 um region, arises
from several rotational-vibrational transitions [e.g., from o' (11)-» o(10}. to
o' (M- ¢(6) at T = 77°K] of the highly excited CO molecule.

Pumping of the CO vibrational levels is achieved by electron-impact
excitation. Like the isoelectronic N, molecule. the CO molecule has an
unusually targe cross section for electron-impact excitation of its vibra-
tional levels. Thus nearly 90% of the electron energy in a discharge can be
converted inte vibrational energy of CO molecules. Another important
feature of the CO molecule is that V-V relaxation proceeds at a much
faster rate than V-T relaxation (which is unusually low). As a consequence
of this a non-Boltzmann population buildup in higher vibrational levels by
a process known as “anharmonic pumping” plays a very important role.!
Although this phenomenon does not allow a foral inversion in the vibra-
tional population of a /O moelecule, a situation known as partial inversion
occurs. This is illustrated in Fig. 6.18 in which the rotational populations of
two neighboring vibrational states are indicated. Although the total popula-
tion for the two vibrational states is equal, an inversion is seen to exist in
the two P transitions [(J = 5)-»(J =6)(J' ' =4)>(J =95)] and two R-

' Chemical efficiency is defined as the ratio of laser oulput energy to the total chemical energy
that can be produced by combustion of the fuel.

! Anharmonic pumping arises from the process CO(p = n} + CO{6 = w1} 2 CHo=n+ 1) +
COtr = m — I} which. due to the vibration anharmonicity, is favored when » > m. This
process allows the first €O molectule to climb up the ladder of the vibrational levels with a
resulung non-Boltizmann distribution of the population among these levels.
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FIG. 6.1% Partial inversion between two vibrational transitions (3 and v
1Y having the same total population. N Population

branch transitions indicated in the figure. Under conditions of partial
inversion. laser action can thus take place and a new phenomenon, called
cascading, plays an important role. The laser action depopulates a rofa-
tional leve) of the upper stale and populates a rotational level of the lower
vibrational state. The latter level can then accumulate enough population
to result in population inversion with a rotational level of a still lower
vibrational state. At the same time, the rotational level of the upper state
may become sufficiently depopulated to result in population inversion with
a rotational level of a still higher vibrational state. This process of cascad-
ing coupled with the very low V-T rate results in most of the vibrational
energy heing extracted as laser output energy. This, together with the very
high excltation efficiency, accounts for the high efficiency of the CO laser.
The low-temperature requirement arises from the need for very efficient
anharmonic pumping. In fact, the overpopulation of the high vibrational
levels compared to the Boltzmann distribution, and hence the degree of
partial inversion, increases rapidly with decreasing translational tempera-
ture.

As in the case of the CO, laser, the CO laser has been operated with
longitudinal flow, with e-beam pre-ionized pulsed TE, and with gas-
dvnamic excitation. The requirement of cryogenic temperatures has so far
limited the commercial development of CO lasers.

6.1.3.2 Vibronic Lasers*"

As a particularly relevant example of vibronic lasers, we will consider
the N, laser. This laser has its most important oscillation at A =337 nm
(UV), and belongs to the category of self-terminating lasers. The pulsed
nitrogen laser is commonly used as a pump for dye lasers.
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The relevant energy level scheme for the N, molecule is shown in Fig.
6.19. Laser action takes place in the so-called second positive system, i.e., in
the transition from the C’[],, state (henceforth called the C state) to the
B “H‘ state { B state).! The excitation ol the C state is believed to anse from
electron-impact collisions with ground-state N, molecules. Since both C
and B states are triplet states, transitions from the ground state are
spin-forbidden. On the basis of the Franck-Condon principle, we can,
however, expect that the excitation cross section to the v = 0 level of the ¢
state will be larger than that to the ¢ = 0 level of the B state. Compared 1o
the ground state, the potential minimum of the B state is in fact shified to
larger internuclear separation than that of the C state. The lifetime (radia-
tive) of the C state is 40 ns, while the lifetime of the B state is 10 us. Clearly
the laser cannot operate cw since condition (5.26) is not satisfied. It can,
however, be excited on a pulsed basis provided the electrical pulse s
appreciably shorter than 40 ns. Laser action takes place predominantly on
several rotational lines of the o”(0) - o’(0) transition (A = 337.1 nm). Be-
sides being favored by the pumping process, as already mentioned, this
transition in fact exhibits the largest Franck-Condon factor. Oscillation on

tUnder different operating conditions laser action can also take place (in the near infrared,
0.74-1.23 um) 1n the first posilive system involving the 8 '[]K + A4S transiuon.
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the ¢"(1}-» «'(0) (A = 357.7 nm) and on the £"(0) > ' (D (A = 3159 nm)
transitions also occur, although with lower intensity.

A possible configuration for a N, laser is shown schematically in Fig.
6.20a. Due 10 the high value of electric field required (~10 kV /cm at the
typical operating pressure of p=~30 Torr), a TE laser configuration 1s
normally used. A fast discharge pulse {a few nanoseconds) is needed and a
discharge circuit which achieves this, the so-called Blumiein configuration,
is shown in Fig. 6.20. The transmission-line analog of this circuil is shown
in Fig. 6.20b, where Z is the impedance of the discharge channel and 7, 1s
the characteristic impedance of the line. If the line is nitially charged to a
voltage V, and if Z = 27Z,,, it can be shown thal, upon closing the switch. a
voltage pulse of value ¥ /2 and duration 2L /¢ is produced across Z {¢ 18
the e.m. propagation velocity in the line). By making L short enough, the
system of Fig. 6.20a can produce a short voltage pulse suitable for driving
the N, laser.

Due to the high gain of this sell-termirating transition, oscitlation
takes place in the form of amplified spontanecus emission. Thus the laser
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FIG. 6.20. {a) Blumlein pulse generalor using a flat transmission line The discharge channel

may typically be 2 x 0.5 cm, the large dimension being along the dncharge direction. (b)
Transmussion line analog of 1the Wumlein generator shove



can he operated without mirrors. flowever, usually, a single mirror is
placed at one end of the cavitv. since this reduces the threshold power [see
(2.91hy and {2.914)] and also provides a unidirectional output. In this way,
the output beam divergence is also reduced and is given by the ratio of the
transverse dimension of the discharge to twice the cavily length. With this
type of laser, it is pnssible (o obtain peak power up to —1 MW in pulses
~ 10 ns wide with a pulse repetition rate up to 100 Hz. The repetition rate
is himited by heating effects. More recently N, lasers working at atmo-
spheric pressure have been developed. The problem ol arcing is alleviated
by further reducing (1o ~1 ns) the duration of the voltage pulse. Due to the
increased gain per unit length and the fast discharge, this type of laser can
give oulput puises of duration 100 -500 ps (100-200 kW peak power). No
mirrors are used in this case. Such a laser, when used 10 pump dye lasers,
can thus produce dye-laser pulses of duration well down into the sub-
nanosecond range. These short pulses are useful for investigating relaxation
processes in various materials,

There are, of course, other examples of vibronic lasers besides the N,
{axer. OF these other lasers we shall mention the H, laser. It oscillates on a
series of lines around the wavelength A =160 nm (Lyman band) and
around A== 116 nm (Werner band). These wavelengths [all in the so-called
vacuam ultraviolet (VUV). In fact, at these wavelengths, atmospheric
ahsorption becomes so high that beam propagation must be done in a
vacuum (or in a gas such as He). To provide the necessary fast discharge
(~1 ns) a Blumlein configuration (Fig. 6.20a) is again used. This laser is
also sell-terminating. with its output being produced by amplified spontane-
ous emission,

It is interesting to note that the 116-nm wavelength is so far the
shortest produced by laser action. The difficulty in getting to still shorter
wavelenglhs (down (o the x-ray region) is worth emphasizing at this point.
From (3.25), (5.18). and (5.17) we find that the threshold pump power per
unit volume is

P ke,

= ;:—rhmpW,.P(N, - N)= 75 # (6.12)
On the other hand, from (2.145) we find (for Aw=10) that (l/ar1)
" wi/ g A0) X wlAw,. At frequencies in the UV and al moderate pressures
we may assume that the linewidth Aw, is determined by Doppler broaden-
ing. Hence [see (2.113)] Awy @ wy and (dP/dV) increases as wy (il we take
w, = wy). At still higher frequencics (x-ray region) the linewidth is deter-
mined by natural broadening since the value of radiative lifetime hecomes

very short. In this case dw, T« and (4P /d17) increases as wi. Due 1o the
rapid increase of (dP/dV) with (requency, the required threshold power
becomes very large, This explains why. despite many attempts, no one has
so far succeeded in making an x-ray laser work.'

6.3.3.3 Excimer Lasers'??

An intercsting and important class of molecular lasers involving transi-
tions between different electronic states is that of the excimer lasers.

Consider a diatomic molecule 4, with potential energy curves as in
Fig. 6.21 for the ground and excited states, respectively. Since the ground
state is repulsive, the molecule does not exist in this state (i.e.. species 4
only exists in the monomer form A in the ground state). Since, however, the
potential encrgy curve for the excited state has a minimum, the molecule 4,
does cxist in the excited state (i.e., species A exists in the dimer form A, in
the excited state). Such a motecule A7 is called an “excimer” from a
contraction of the words “excited dimer.”

Now supposc a large number of excimers has somehow been created in
a given volume. Laser action can then be produced on the transition
between the upper (hound) state and the lower (free) state (hound-free
transition). This is called an excimer laser. An excimer laser has (wo

! .
tRecently, the achicvement of a pulsed x-ray laser at the wavelength of 14 A has been
annonnced, The taser was pumped by the x rays produced by a small nuclear detonation (an
experimfntal condition not so easily duplicated in everyone’s lahoratory?).
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FIG. 621, Encrgy levels of an excimer laser Nuclear distance
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peculiar but important properties, both due to the fact that the ground state
is repulsive: {i) Once the molecule, alter undergoing the laser transition,
reaches the ground state, it immediately dissociates. This means that the
lower laser level will ulways be empty. (i) No well-defined rotational-
vibrational transitions exist, and the transition is broad band. This allows
the possibility of tunable laser radiation over this broad-band transition.

As a particularly relevant class of excimer lasers we will consider those
in which a rare gas atom (e.g., Ar. Kr, Xe) is combined, in the excited state,
with a halogen atom (e.g, F, Cl) to form a rare-gas-halide excimer.!
Specific examples are ArF, (A = 193 nm), KcF (A = 248 nm), XeCl (A = 308
nm), and XeF (A = 35} nm), all oscillating in the UV. The reason why rare
gas halides are readily formed in the excited state can be seen when one
realizes that an excited rare gas becomes chemically similar to an alkali
alom, and these are known 10 react readily with halogens. This analogy also
indicates that the bonding in this excited state must be of ionic character:
In the bonding process, the excited electron is transferred from the rare gas
alom to the halogen atom. This bound state is therefore also referred 10 as a
charge-transfer state.

The pumping mechanisms in a rare-gas-halide laser are rather complex
since they involve several ionic species as well as excited atomic and
molecular species. In KrF, for example (using Kr, F,. and a buffer gas in
the mixture), the following mechanisms play a very important role: (1)
direct reaction of the excited rare gas with the halogen, viz.,

Kr* + F, 2 KrF* + F (6.1%)
and (i) dissociative altachment of an electron to the halogen (6.14a)
followed by three-body recombination of the negative halogen ion (6.144),
ic.,

e+ F,»F +F (6.14q)
and
F"+Ke* +M - KrF* + M (6.14b)

where M is an alom of the buffer gas (Ar or Ile).?
Rare-gas-halide excimer lasers can be pumped either by an electron
beam or by an electrical discharge. In the latier case either e-beam or UV

Sirictly speaking these should not be called excimers since they involve unlike atoms The
words hetero-excimer or exciplex {from excited state complex) would perhaps be more
appropriate in these cases. However, the word excimer is now widely used in this context and
we will [ollow this usage.

*The process in equation {6.14b) requires the presence of a buffer gas atom M since otherwise
the momentum snd the energy of the reacting partners (F and Kr) cannot both be conserved.
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preionization lechnigques are used, the laser is pulsed, and its design is in
many respects similar to that of a TEA CQ, laser. The laser pulce length is
of the order of a few tens of nanoseconds, being limited by the onset of
discharge instabilities (arc formaltion). Average outpul powers up to 100 W,
pulse repetition rates up to 1 kHe, and electrical efficiencies of 1% have
been obtained. Excimer lasers are very promising for sophisticated photo-
chemical processes, such as isotope separation, and for numerous uilier
applications in which a strong and efficient UV source is required.

6.4 LIQUID LASERS (DYE LASERS)™

The liquid lasers we will be considering are those in which the active
medium consists of solutions of certain urganic dye compounds in liquids
such as ethyl alcohol, methyl alcohol, or water. These dyes usually belong
to one of the following classes: (1) polymethine dyes (0.7--1 pm), (1)
xanthene dyes (0.5-0.7 pm), {iii) coumarin dyes (0.4 0.5 pm), and (iv)
scintillator dyes (A < 0.4 pm). By virtue of their wavelength tunability, wide
spectral coverage, and simplicity, organic dye lasers are playing an increas-
ingly important role in various fields of application (from spectroscopy o
photochemistry).

6.4.1 Photophysical Properties of Organic Dyes

Oleganic dyes are large and complicated molecular systems’ containing
conjugated double bonds. Usually they have strong absorption bands in the
UV or visible range of the specirum, and when excited by light of
appropriate wavetength, they display intense broad-band fluorescence spec-
tra, such as that shown in Fig. 6.22 for Rhodamine 6G in ethanol solution.

A stmple understanding of the energy levels of a dye maolecule can be
obtained using the so-called free-clectron model. We will illustrate this by
considering the case of the cyanine dye shown in Fig. 6.23a. The =-

tAs an example, the structural formula for the widely-used dye Rhudamine 6G (xanthene dye)
is

]
C,I5,HN A N IC,HLC)
H,C ~cH, ‘
COOC,H,
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FI_G 6.23. Freeclectron model to explain the electronic energy levels of a dye molecule [after
Forsterling and Kuohn' ™),

electrons of the carbon atoms form two planar distributions, one above and
one below the plane of the molecule (Fig. 6.23b). The clectronic states of
the molecule originate from this 7-electron distribution. In the free-electron
model. these m-clectrons are assumed to move freely within their planar
distributions, limited only by the repulsive potential of the group at each
end of the dye. The energy levels of the electrons are therefore simply those
of a free electron in a potential well of the form shown in Fig. 6.23¢c. If this
well is approximated by a rectangular one (Fig. 6.23d). the energy levels are
well known and given by E, = h’n’/8mL? where n is an integer, m is the
electron - and L is the length of the well. It is important to note. at this
point, that dye molecules have an even number of electrons in the w-
clectron cloud.! 1f we Iet the number of these® electrons he 2N, the lowest
energy state of the molecule will correspond to the situalion where these
electrons are cccupying the lowest N energy levels. Fach level can in fact
he occupied by two electrons with opposite spin. This molecular state will
thus have zero spin angular momentums (singlet state} and is labeled 5, in
Fig. 6.24. In the same figure the highest occupied ltevel and the next
{empty) one above it are indicated by two squares one ahove the other. The
first excited singlet state (labeled §, in the figure) is then obtained by

*Molecular aystems with unpaired electrons are known as radicals and they tend to react
readily, thus forming a system with paired electrons.

2 Singlet Triplet
states stales

FIG. 6.24, Typical energy levels lor a H ‘
dye in solution. The singlet and triplet Sp -
levels are shown in separate columns. ’
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promoting one of the two highest-lying electrons, without flipping its spin,
1o the next level up. If the spin is flipped, the resulting state is a triplet state
(total spin § = 1, labeled 7, in the figure). Excited singlet (S,) and triplet
(T) states result when the electron is further promoted 1o the next level,
and so on. Note that in Fig. 6.24 each electronic state is actually made up
of a set of vibrational levels (the heavier lines in the figure) and rotational
levels (the lighter lines). The separation between vibrational levels is typi-
cally 1400-1700 ¢cm ', whereas the separation of rolational levels is typi-
cally 100 times less. Since the line broadening mechanisms are much more
important in liquids than in solids, the rotational lines are not resolved and
therefore give rise to a continuum of levels between the vibrational levels.
We now look at what happens when the molecule is subjected to
electromagnetic radiation. First, we recall that the selection rules require
that AS = 0. Hence singlet-singlel transitions are allowed, whereas singlet -
tripled transitions are forbidden. Therefore, the interaction with electromag-
netic radiation can raise the molecule from the ground level S, to one of
the vibrational levels of the §, level. Since the rotational and vibrational
levels are unresolved, the absorption spectrum will show a broad and
featureless transition (see, for example, Fig. 6.22). Note that an important
characteristic of these dyes is that they have a very large dipole matrix
element p. This is because the #-electrons are free to move over a distance
comparable to the molecular dimension 4, and since ¢ is quite large it
follows that u is large (p= ea). It then follows that the absorption cross
section o, which is proportional to g, is also large (—10 '* ¢cm?). Once in
the excited state the molecule decays in a very short time (nonradiative
decay, 7, == 107" 5) 10 the lowest vibrational state of the S, level.! From
there it decays radiatively to some vibrational level of S, ( fluorescence).
The transition probability will be determined by the appropriate Franck -
Condon factors. It is therefore clear from what has already been said (see
also Fig. 2.22) that the fluorescent emission will take the form of a broad
and featureless band shified to the long-wavelength side of the absorption
band (see Fig. 6.22). Having dropped o an exciled rotationat-vibrational
state of the ground level S, the molecule will then return 1o the lowest
vibrationa! level by another very fast (of the order of picoseconds) nonra-
diative decay. Note that, when the molecule is in the lowest level of § 1y it
can also decay 1o level 7. This process is called interspstem crossing and is
caused by collisions. Similarly the transition T, — §, takes place mainly by

YMore precisely, thermalization amuong the rotational- vibrational levels of the $, state will
occur.
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way of collisions but partly also by a radiative process (the transition
T, -» §, is prohihited radiatively as mentioned above). This radiation is
called phosphorescence. We will characterize these three decay processes by
the following three constants: (i) 7,,, spontaneous-emission lifetime of level
5,. (i) kg, intersystemn crossing rate (s ') between singlet and triplet
systems, and (iii) 7, lifetime of the T, level. IT we call 7 the lifetime of the
5, level, then we have [see (2.93)]

rp+k“ (6.15)

]

1
.1

Due to the large value of the dipole matrix element p, the radiative lifetime
T, is very short (a few nanoseconds). Since kg is usually much longer
(~100 ns), it follows that most of the molecules decay from level §, by
fluorescence. The fluorescence quantum yield (number of photons emitted
by fluorescence divided by number of atoms put into §) is therefore nearly

unity. in facl, one has |see (2.96)]
o=1/7 (6.16)

The triplet lifetime 7, depends on the experimental conditions and particu-
larly on the amount of dissolved oxygen in the solution. The hietime can
range from 1077 s in an oxygen-saturated solution to 10" ' & or more in a
solution which has been deoxygenated.

6.4.2 Gharacteristics of Dye Lasers

From what has been said it is quite reasonable to expect these
malerials to be capable of exhibiting laser action at the fluorescence
wavelengths. In fact, the fast nonradiative decay within the excited single-
state S, populates the upper laser level very effectively while the fast
nonradiative decay within the ground state is effective in depopulating the
lower laser level. Note also that the dye solution is quite transparent to the
fluorescence wavelengths (i.c., the corresponding absorplion cross section o,
is very low, see for example Fig. 6.22). In fact it was quite lale in the
general development of laser devices hefore the first dye laser was operated
(£966),%" and we now look at some reasons for this. One problem which
presents itself is the very short lifetime 1 of the §, state since the required
pump power is inversely proportional to r. Although this is 1o some extent
compensailed by the comparatively large value of the cruss section, the
product or [recall that threshoid pump power is « (a7) ', see (6.12)] is sull
about three orders of magnitude smaller than for sulid-state lasers such as



NA:YAG. A <econd problem arises as a consequenice of intersystem cross-
mg. I, in fact, 1, is long compared to kg,'. then molecules accumulate m
the triplet state £, This introduces absorption through the T, - T, transi-
tion {which is optically allowed). Unfortunalely. this absorption tends to
occur in the same wavelength region as the fluorescence (see again, for
example, Fig. 6.22), and is therefore a serious obstacle to laser action. It can
be shown, in fact, that continuous laser action is possible only if 7, is less
than some particular value. depending on the characteristics of the dye
materiai. To derive this result we first note that the fluorescence emission
curve of the dve (see I'ig. 6.22) can be described in terms of the stimulated
emissjon cross section . Thus, if N, is the total population of the §, state,
the corresponding (unsaturated) gain. at the given wavelength to which o,
refers, is exp(N,0,1). where [ is the tength of the active material. If we now
let N be the population in the triplet state T, a necessary condition for
laser action is that the gain due to stimulated emission exceed the loss due
to triplet--triplet absorption, i.e.,

a Ny > arN, (6.17)

In the steady state, the rate of decay of triplet population N, /r, must
equal the rate of increase due to intersystem crossing ko N, i.e.,

Np= ket N, {6.1R)
Combining (6.17) and (6.18), we get
Tr0/arke (6.19)

which is a necessary condition for cw laser action [i.e., in a sense equivalent
to (5.26)]. 1f this condition is not satisfied, the dye laser can only operate in
a pulsed regime. In this case, the duration of the pump pulse must be short
enough 1o ensure that an excessive population does not accumulate in the
triplet state. Finally, a third crucial problem comes from the presence of
thermal gradients produced in the liquid by the pump. These tend 1o
produce refractive-index gradients which prevent laser action. These
gradients produce effects which are similar in some respects to those due to
intersystemn crossing. Both of these processes tend to cause laser action Lo
terminate after the pump has been applied for a certain length of time.
Fortunately. however, as already mentioned, 7, can be reduced if certain
substances (e.g.. oxygen) are added to the solution, while thermal cffects
can also be reduced with a suitable experimental arrangement.

Pulsed laser action has been obtained from very many different dyes
by using one of the following pumping schemes: (i) fast flashiamps (with a
risetime of < | ps). (i) a short light pulse from another laser. The N, laser

in particutar is very frequently used for this application. 1ts UV output 1
suitable for pumping many dyes that oscillate in the visible range. This
pumping scheme s particularly cfficient: Very high gains and a conversion
efficiency (from UV to visible lighty of the order of 10% have heen
achieved. The efficiency of the N, laser is rather low, however {~0.27%).
For this reason, excimer lasers (in particular KrF and XeF) are being used
increasingly as pumps for dye lasers. For both N, and excimer laser
pumping. a transverse pump configuration (i.e., direction of the pump
beam orthogonal to the resonator axis) is used (Fig. 6.252). The telescope
shown in the figure scrves to enlarge the heam on the echelle grating {used
as a wavelength-selective element. see Fig. 5.7), thus increasing its resolving
power. The Fabry Perot etalon (sec also Fig. 5.8) is used for finc tuniong of
the output wavelength. Continuous laser action has been oblained in a
number of taser dyes covering the entire visible range. Pumping is provided
by another cw laser (usually an Ar' laser), and a longitudinal (or near
longitudinal) pump configuration such as that in Fig. 6.25b 1s commonly
used. Note the presence of the dispersive prism in the laser cavity which
serves the double purpose of (i} tuning the laser wavelength (see again Fig.
5.7) and {ii) allowing the pump laser beam to be physically separated from
the dye laser beam in the region indicated in the figure. Since the pump
beam comes in around the side of the dye laser mirror, rather than through
it, one avoids the need for special mirrors which are \ransparent to the
pump and highly reflecting for the dye wavelengths. A rather interesting
configuration for single-longitudinal-mode cw dye lasers is the ring cavity
shown in Fig. 6.26, Pumping is again provided by an ion laser, and the dye
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ﬁ - Mirror FIG. 6.25. (8) Pulsed dye laser pumped by
N, laser, and (b} cw dye laser pumped by
a Ar* laser.
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FIG. 6.26 High power single longitudinal mode ring dye laser.

is circulated by means of a fliquid jet system. Single-longitudinal-mode
oscillation and frequency scanning are achieved by the combination of
birefringent filler, scanning ctalon, and thin Fabry-Perot etalon. The
special feature of this cavity is that, with the help of the unidirectional
device, the laser beam can only travel in one sense around the ring cavity
(indicated by the arrows in the figure). Thus there is no standing wave
formed in the cavity and, in particular, within the dye medium. Therefore
the phenomenon of spatial hole burning does not occur and this has two
consequences: (i) Oscillation on a single longitudinal mode is much easier
to obtain as can be understood by referring to the discussion in connection
with Fig. 5.6. (ii) Higher output power is available in this single mode since
now the whole of the active material (rather than just those regions around
the maxima of the standing-wave pattern) contributes to the laser output.
As a result of this, output powers have been obtained which are as much as
an order of magnitude greater than those from conventional single-mode
dye lasers (e.g.. of the type of Fig. 6.25b).

Average oulput powers up to 100 W with an efficiency somewhat less
than 1% have been obtained with flashlamp-pumped dye lasers. A very
interesting property of dye lasers is their wide oscillation bandwidth (~ 10
nm). Tuning of the output wavelength over this bandwidth can therefore be
achieved using wavelength-selecting cavities such as those of Fig. 5.7. A
large oscillation bandwidth is also very important for mode-locked opera-
tion. Continuous-wave (At* laser-pumped) mode-locked dye lasers in a
ring configuration have been operated with outpul pulse durations as short
as ~0.03 ps. These are the shortest pulses so far oblained from lasers.

Dye lascrs are now widely used in many scientific and technological
applications where wavelength tunability or pulses of short duration are
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required. Photodegradation of the dye due to the pump light remains an
inconvenient feature of these lasers.

6.5 CHEMICAL LASERS "

A chemical laser is usually defined as one in which the population
inversion is “directly” produced by a chemical reaction. According to this
definition, the gas-dynamic type of CO, laser cannot be regarded as a
chemical laser. Chemical lasers usually involve a chemical reaction between
gaseous clements. In this case, a large proportion of the reaction energy is
lelt in the form of vibrational energy of the molecules. The laser transitions
are therefore often of vibrational -rotational type (the only notable excep-
tion being perhaps the photochemical-dissociation laser 1o be described
later on), and the corresponding wavelengths lie at present between 3 and
10 pm. These lasers are interesting for two main reasons: {i) They provide
an interesting example of direct conversion of chemical energy into electro-
magnetic energy. (i) Since the amount of energy available in a chemical
reaction is very large,! one can expect high output powers.

As an illustrative example of chemical lasers we will consider the HF
laser. This laser oscillates over several rotational-vibrational lines in the 2.6
to 3.3 um band and gives cw outpul powers up 1o 10 kW and pulsed
energies up to a few kilojoules with a chemical efficiency up 10 ~10%,

The main pumping mechanism for the HF laser comes from the
chemicabreaction

F+H,»HF*+H (6.20)
Since the heat of reaction is 31.6 kcal/mole, the HF molecule can be left in
an excited state as high as the v = 3 vibrational level (sce Fig. 6.27). As a
consequence of the different rates of decay to the various vibralional levels,
the v = 2 level has by far the greatest population, and a large population
inversion builds up on the (v' = 2)-»(v =1} transition. §t can be seen from
the figure that more than 60% of the reaction znergy is released as
vibrational energy. The reason why, after chemical reaction, the HF mole-
cule is left in an excited state can be understood in a simple way. Consider
the reaction given in equation (6.20). On account of the high cleciron
affinity of F, at large distances the F-H, interaction is strungly attractive
and leads to a considerable polarization of the H, charge distribution. Since
the electron is light, the HF bond can form before the proton has adjusted

'For example, a mixture of H,, F,, and other substances (16% of 11, and F, at atmosphetic
pressure) has a heat of reaction equal 1o 200§ /lier of which H00 ) 15 lelt as vabrahional
eNeTRY.
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to the internuclear separation appropriate to the HF ground electronic
state. Thus, there 15 a considerable probability that the proton, after
reaction, will be found at a distance which is greater than the equilibrium
distance of the HF bond. This therefore leads, classically, to a vibrational
motion,

Note that, for the chemical reaction in equation (6.20) to occur, atomic
fluorine must be present. This is produced by dissociation of some suitable
fluorine-donating molecule such as 8F¢ or molecular F,. Dissociation may
be achieved in several ways, e.g.. by electron collision in an electrical
discharge (SF, + ¢ = SF; + F + ¢). When molecular fluorine is used, the
undissociated F, molecules can react with alomic hydrogen [itself produced
by reaction (6.20)] to yield

H+F,oHF*+F {6.21)

The atomic fluorine produced in this way can then take part again in
reaction (6.20). This leads to a chain reaction in which the number of
excited HF molecules can greatly exceed the number of fluorine atoms
produced initially. Note that the chemical energy of reaction (6.21) (98
kcal /mole) is substantially targer than that of (6.20). This can result in
cxcitation up Lo the ¢ = 10 vibrational level of the HF molecule (Fig.
6.27). Reaction (6.21) therefore helps to establish a population inversion
between various vibrational levels of the HF molecute. From what has just

been said. it would seem that molecular fluorine might be more suita;
than SF, for use in an HF laser. However, the H, + F, mixture s more
gifficult to handle than the H, + SF, mixture, and it may cven become
explosive.

HF lasers can be made to operate cither pulsed or cw. In pulsed lasers,
atomic Muortine is produced by collisions between the fluorine donors and
electrons generated either by an electrical discharge or by an auxiliary
electron-heam machine. Where an clectrical discharge is used. the pump
configuration is similar to that of a TEA CO, laser, and UV pre-ionization
is often uscd to ensure a more uniform discharge. When molecular fluorine
is used as a reactant. a chain reaction is established. and the laser output
energy can appreciably exceed the cnergy of either the electrical discharge
or e-heam. In a cw laser, fluorine is thermally dissociated by an arc jet
heater and then expanded through supersonic nozzles (to ~Mach 4).
Molecular hydrogen is mixed in downstream and reacts according to (6.20)
(Fig. 6.28). For high-power or high-encrpy lasers, unstable resonators are
often used.

Laser action takes place on several vibrational transitions, from >0
up to 6 -+5 (A =2.7-33 pm) and on several rotational lines within each
vibrational transition. As already discussed in the case of the CO laser,
there are two reasons why oscillation can occur on 5o many lines, namely:
{i) The phenomenon of cascading. 1T in fact the 2 > | transition (usuaily the
strongest) lases, the population of level 2 will be depleted and will accumu-
late in level 1. Consequently laser action on 3-32 and 1 ->0 transition- may
now occur. (ii) The phenomenon of partial inversion (see Fig. 6.18) in
which there may be a population inversion between some rotational lines
even when no inversion exists between the.overall populations of the
corresponding vibrational levels.

Besides the HF laser, mention should be made of the DF, HCl, and
HBr lasets which operate on similar schemes to HF and oscillate in the
3.5-5 um range. This range is interesting since it is a spectral region where

Coolin

pnssaq‘:! Hq injection through
Diasociated periorsied fubes
flugrine \

\\\ 5.1\\{' i /
\}\ } "Iﬂ’i"]' u l |“ llﬂ“

FIG. 6.28 Supersonic-diffusion HF u
chemical laser [after Chester' ™).




250 Chap. 6 - Tipes of Lasers

the atmospheric transmission is good. As already mentioned. chemical
lasers of this type can give large output powerts (or energies) with good
chemical efficiency. Safety problems (F, is perhaps the most corrosive and
reactive element known) greatly limit the applicability of these iasers,
however. Although electrical-discharge lasers (using SF,) are commercially
available, the most important area of use for these lasers seems to be in
high-power military applications.

As a second example of a chemical laser we will briefly mention the
atomic iodine laser.”™ It belongs to the category of photochemical-
dissaciation (or photodissociation) lasers. Atomic iodine is in fact produced
by photodissociation of either CH,I or CF,l or, more recently, C,F,l.
When light (~300 nm) from a powerful flashlamp is absorbed by one of
the above molecules, photodissociation leads to production of atomic
iodine in the IP,,2 excited state at a greater rate than in the 2P_,,,,2 ground
state. Thus laser oscillation takes place on the ’P,‘,,z —>2P3/2 line (A = 1.315
pm). This line is forbidden as an electric-dipole transition but allowed as a
magnetic-dipole transition. Since the corresponding spentaneous-emission
lifetime is very long (in the millisecond range), the lifetime of the p, 7 State
is essentially governed by collisional deactivation. The lifetime of the P, /2
ground state is governed by the three-body recombination process
ICP5,)) + §(P, ;) + M3 1, + M, where M is another atom or molecule in
the gas mixture (He, I,). This lifetime is typically 100 us. The characteristics

of an iodine laser fall somewhat in between those typical of a gas laser and .

those typical of an optically pumped solid-state laser. The iodine, being a
gas, must be contained in a glass tube (Fig. 6.1} just as for any other gas
laser. However, the iodine laser is similar 1o solid-state lasers in two
respects: (i) 1t is pumped by a flash in a gcometrical configuration similar
to those used for solid-state lasers (Fig. 3.2). (ii) As in the case of ruby and
Nd** lasers, the laser line is a forbidden electric-dipole transition. This last
property is particularly relevant. It means that the iodine laser has a long
upper-stale lifetime, and hence it can build up a large population inversion.
This places the iodine laser (logether with the Nd:glass and CO, lasers)
among the most interesting systems for high-energy ( > 500 J) laser output.

6.6 SEMICONDUCTOR LASERS'™

So far, we have only discussed atomic and molecular systems, whose
energy levels are associated with localized wave functions, i.e., belong 1o
single atoms or molecules. We will now consider the case of semiconduclors
for which il is no longer possible 10 talk about the wavefunclion of an
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individual atom; it is necessary instead Lo deal with a wavefunction relating
to the crystal as a whole. Likewise, one can no longer talk of energy levels
of individual atoms.

6.6.1 Photophysical Properties of Semiconductor Lasers

The energy-level scheme for an idealized semiconductor is shown in
Fig. 6.29. The energy-level spectrum consists of very broad bands: These
are the valence band ¥ and the conduction band C, separated by a region
of forbidden energies {the band gap). Each band actually consists of a large
number of very closely spaced energy states. According to the Pauli
exclusion principle, there can be just two electrons (with opposile spin)
occupying each energy state. Accordingly, the probability of occupation
f(E) of a given state of energy E is given by Fermi- Lirac statistics rather
than by Maxwell-Bolizmann statistics. Thus

f(Ey=(1+exp[{E— F)/kT]} (6.22)

where F is the energy of the so-called Fermi level. This level has the
following physical significance: when T-» 0, une has

f=1 {for E < F)
f=0 (for E > F)

so that this level represents the boundary between fully occupied and
completely empty levels at T=0°K. For nondegenerale semiconductors
the Fepmi level is situated inside the band gap (sec Fig. 6.29). Therefore, at
T = 0°K the valence band will be completely full, and the conduction
band, completely empty. It can be shown that, under these conditions, the
semiconductor will not conduct, and it is therefore an insulator. Note also
that the Fermi level has also another physical meaning: At any lemperature
one has f(F)=1/2.

Having made these preliminary remarks, we can now begin to describe
the principles of operation of a semiconductor laser. For simplicity, we will

(6.23)
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FIG. 6.29 Valence hand, conduction band, and Fermi valence bond v
fevel of a semiconducior.




urst assume that the semiconductor is at 7= 0°K (sece Fig. 6.30a, in which
the hatched area corresponds 0 completely full encrgy states). Now we
suppose that electrons are somchow raised from the valence band to the
conduction band. After a very short time (~10 " 5) the electrons in the
conduction band will have dropped to the lowest levels in that band, and
any electrons ncar the top of the valence band will also have dropped 1o the
lowest unoccupied levels. thus leaving the top of the valence band full of
“holes.” This means that there is then a population inversion between the
valence and conduction bands (Fig. 6.30b). The electrons in the conduction
band fafl back into the valence hand (i.e., they recombine with holes),
emitting a photon in the process (recombination radiation). Given a popu-
lation inversion between conduction and valence bands as shown in Fig,
6.30b, the process of stimulated emission of recombination radiation will
produce laser oscillation when the semiconductor is placed in a suitable
resonator, From Fig. 6.30b it is seen that the frequency of the emilted
radtation must satisfy the condition

E, < h<F - F, (6.24)
which establishes the gain bandwidth of the semiconductor.

We now consider the situation where the semiconductor is held at a
temperature T > 0. Referring again to Fig. 6.30b, we note that, although
the semiconductor as a whole is not in thermal equilibrium, nevertheless
equilibrium will be reached within a single band in a very short time. One
can therefore talk of occupation probabilities f, and f for the valence and

conduction bands separately, where f, and f, are given by expressions of the
same form as (6.22), namely,

fo= {1 +exp[(E - F)/kT]} ™" (6.25a)
},|

fi={1+ exp[(E - Fr)/kT] (6.258)

(e} (b)

FIG. 6,30 Principle of operation of a semiconductor laser.

where F. and F. are the encrgies of the so-called guasi-Fermi levels of the
valence and conduction bands respectively. From (6.25) and from our
preliminary remarks, it is seen that when, for instance, T =0°K, these
levels separate the zones of fully occnpicd and completely empty levels for
each band. Obviously the values of F, and ¥, depend on the number of
electrons raised to the conduction band by the pumping process. Having
introduced the concept of quasi-Fermi levels, we can readily obtain a
necessary condition for laser action by imposing the requirement that the
number of stimulated-emission events must be greater than the number of
absorption events {the excess heing necessary to overcome cavily losses).
Both of these processes are proportional to the product of the number of
photons present in the cavity and the B coeflicient for the transition. On
the other hand. the stimulated-emission rate will also be proportional to the
product of the probability of occupation of the upper level with the
probability of nonoccupation of the lower level, whereas the absorptien
rate will be proportional to the product of the occupation probability of the
lower level with the probability of nonoccupation of the upper level.
Therefore, to get simulated emission, we must satisfy

Ba[ £V~ f)— S0 =[] >0 (6.26)
This inequality means that f, > f,. From (6.25) this implies
F,—-F »E,-E,=h (6.27)

where K, and E, are the upper- and lower-level energies respectively. We
have thus rederived one of the two retations which were previously found
with an intuitive approach for 7 =0°K [see (6.24)]. This derivation, how-
ever, shows that the relationship is valid for any temperature (as long as the
concepl of quasi-Fermi levels remains valid). Furthermore it has been
shown that equation (6.27) is a consequence of the requirement that
stimulated emission processes must exceed stimulated absorption processes.
In this respect equation (6.27) is seen Lo be equivalent to the condition
{5.26) established for a four-level laser.

6.6.2 Characteristics of Semiconductor Lasers

The pumping process in a semiconductor laser is usually achieved by
preparing the semiconductor in the form of a p-n junction diode with
highly degenerate p-type and n-type regions, i.c., heavily doped (donor or
acceptor concentration greater than 10'* atoms/cm™). It will he s¢en that in
this way the inversion is produced in the junction region.

As a [irst example of a junction laser we will consider the situation
where the p-type and n-type materials are the same (c.g. GaAs) and are
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FIG. 6.31. Principle of operation of a p— 2 junction semiconductor laser with (a) Fero bias and
(b) forward bias.

Joined directly W form the junction (which is therefore called a homuojunc-
tion). The first semiconductor laser o work was of this type.®®" The
operaling principles of a diode constructed in this way are illustrated in Fig.
6.31. Since the materials are very heavily doped, the Fermi level F, of the
p-type semiconductor falls within the valence band, and the Fermi level F,
of the a-type semiconductor falls within the conduction band. It can be
shown that, with no voltage applied, the two Fermi levels lie on the same
horizontal line (Fig. 6.31a), i.e., they have the same energy. When a voltage
F is applicd, the two levels become separated by an amount given by
AF = eV {6.28)
So, if the diode is furward biased, the energy levels will then be as shown in
Fig. 6.31b, We sec from the figure that a population inversion has been
produced in the so-called “depletion layer™ of the p-n junction. What the
forward bias achieves essentially is the injection into the depletion layer of
electrons from the conduction band of the n-lype material and holes from
the valence band of the p-type material. Finally, we note that since
AF=E,, where E is the band gap, it follows from (6.28) that V =~ E /e
For a GaAs laser this means V¥V~ 1.5 V.
Figure 6.32 shows a schematic diagram of a p-n junciion laser, the
shaded region being the depleton layer. 101 seen that the diode has small
dimensions. The thickness of the deplebon region s usually very small {0.1
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FIG. 0.32. (a) Schematic diagram of a semiconductor laser; (b) iransverse distnbution of light
intensily.

pm). To obtain laser action, two end faces are made parallel, usually by
cleavage along crystal planes. The other two are left wilh a rough finish 1o
suppress oscillation in unwanted directions. Often Lhe two surfaces are not
provided with reflecting coatings: In fact, since the refraciive index of a
semiconductor is very large, there is already a sufficiently high reflectivity
(~~35%) for the semiconductor -air intecface. The aclive region consists of a
layer of thickness ~1 um, i.e., somewhat wider than the depletion region.
Due to diffraction the transverse dimension of the beam is in turn much
grealer (~40 pm) than the width of the active region (Fig. 6.32b). The laser
beam therefure extends well into the p and # regions. However, since the
transverse dimensions of the beam are still very small, the output beam
endds up with a rather large divergence (a few degrees). Finally we point out
that, at room lemperature, the threshold current density for a homgjunction
laser is quite high (~10* A /cm?® for GaAs). This is due 1o the high losses of
the cavity mode since it extends far into the p and n regions (where
absorption rather than gain is dominant). This current density, however,
decreases rapudly with decreased operating temperature [approximately as
exp(T/T,), where the value of T, and the range of validity of the
expression vary from one senmconducior to another). This is a result of the
fact that, as the temperature decreases, f (1 — f) incieases and f (1 - f)
decreases. Hence the gain (which depends on (1 -~ f) - f(1 ~- £, see
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HIG. 0,47 Schemalic diagram of a double-heterojunction semiconducior laser. The active
region consists of the GaAs(a) layer (hatched area).

equation (6.26)] increases rapidly. As a consequence of this, homojunction
lasers can operate cw only al cryogenic temperatures. This constitutes a
serious limitation of this type of laser.

To overcome this difficulty, heterojunction lasers have been used.
Figure 6.33 shows an example of a double heterojunction GaAs laser. In
this diode there are two junctions [Aly3Gag ;As(p)-GaAs and GaAs-
Al ;Gay 5(n)] between different materials. The active region consists of a
thin fayer of GaAs (0.1-0.3 pm). With such a diode, the threshold current
density for room-temperature operation can be reduced by about two
arders of magnitude (ie., to ~10° A /em?) compared with the hemojunc-
tion device. Thus cw operation at room temperature is made possible, The
reduction of threshold current density is due to the combined ¢ffect of three
circumstances: (i) The refractive index of GaAs (n~3.6) is significantly
larger than that of Al,,Ga,,As (n~=34), thus providing an optical-
waveguide structure. This means that the laser mode will now be confined
in the GaAs layer, 1€, in the region where the gain is, and, uniike the
sttuation in the homojunction diode. the wings of the field distribution no
longer extend into the unpumped (and therefore absorbing) regions. (ii)
The band gap of A, ,Ga, ,As (~1.8 eV) is significantly larger than that of
GaAs (~1.5 eV). Energy barriers are therefore formed at the iwo junclions
which effectively confine injected holes and electrons in the active layer
(Fig. 6.34). For a given current density, the concentration of holes and
electrons in the active layer is thus increased, and therefore the gain is also
increased. (in) The heal dissipation capability of the diode has been
considerably improved. This has been achieved by cementing the GaAs( p)
substrate 1o a copper (or lin) plate which, because of its mass and thermal
conductivity, acts as a heat sink.
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FIG. 6.34. Energy band diagram of a double-heterostruciure semi-
conductor laser.

Semiconduclor lasers cover a broad wavelength range from around 0.7
to ~30 pm. At present the most important semiconductor laser is perhaps
the GaAs laser (A = 0.84 pm). Continucus output powers up 10 a few
milliwatts (5-10 mW) at room temperature with an overall slope efficiency
of about 10% have been oblained. The internal quantum efficiency (frac-
tion of injected carriers which recombine radiatively) is even higher
{~70%)}. Semiconductor lasers are therefore among the most efficient of
lasers. We note thal, duc to the large oscillation bandwidth (~10'"' Hz for
GaAs), the possibilities for made-locked operation are attractive. Pulses of
about 5 ps duration have indeed been obtained with passively mode-locked
GaAs lasers. Note also that ternary compounds such as Ga(As, _,P,) can
also be used. The oscillating wavelength ranges from A =084 (x = ) to
0.64 um (x = 04). Thus, by varying the composition, it is possible to
continuously vary the output wavelength. Gallium arsenide lasers are
attractive as sources in optical communication links using optical fibers as
the transmitting medium. Operating lifetimes in excess of 10° h have
already been demonstrated with double-heterojunction GaAs lasers. The
GaAs laser is also very interesling in a number of applications requiring
only a low-power laser (such as optical reading) where it is no disadvantage
to usc infrared rather than visible light. Double-heterojunction semiconduc-
tor lasers operating at either A~ 1.3 or A= 1.6 pm, where two minima for
the loss of a quartz optical fiber occur, are now being vigorously developed.
Here, the most interesting semiconducltor for the active region seems to he
the quaternary alloy In, ,Ga,As P, ,, while the p and n sides of the
junctions may be made of the simple binary compound InP. If y = 2.2x,
the quaternary alloy is laltice matched to InP, and by the appropriate
choice of x the emission wavelength can be tuned from 0.92 10 1.5 pm.

OI the various other semiconductor lasers, mention should be made of
the lead sait lasers,”® all oscillating in the middle-to-far infrared, and in
particular the ternary compounds PbS, _ Se {(4-8.5 um), Pb,_ Sn, Te(6.5-
32 ym), and Pb, ,Sn Se(9-30 pm). Laser operation in these cases requires
cryogenic temperalures {7 = 77°K for cw operation). For a given index of

/
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composition x, the wavelength of the emitted radiation can be tuned by
applying a magnelic field, by applying hydrostatic pressure, or by changing
the diu(rle current (heating effect). Typical applications of these lead salt
lasers are found in the field of infrared spectroscopy, particularly in
high-resolution spectroscopy. The linewidth of the emitted radiation can
indeed be made very narrow (e.g., ~50 kklz for PbSnTe).

6.7 COLOR-CENTER LASERS"

A number of different types of color centers in alkali halide crystals
are now being used as the basis of efficient, optically pumped lasers with
broad tunability in the near infrared. At present color-center lasers allow
operation over the wavelength range 0.8-3.3 um. On a scale of increasing
wavelength, these lasers thus take over just where the organic dyes give up.

Figure 6.35 indicates the structure of some color centers which are of
interest to the present discussion. OF these only the F " and F' cenlters have
been made (o fase. The ordinary F center can be regarded as an archetype
of the other varicties of F-like centers: It consists of an electron trapped in
an anion vacancy of the crystal. On the other hand, if one of the six metal
ions immediately surrounding the vacancy is foreign (indicated by the
smaller circle in the figure; e, Li* in a potassium halide), the defect is
known as an F, center. Two adjacent F cenlers along a (110) direction
constitute a so-called F, center, and F,* is its singly ionized counterpart.
The general energy level scheme of an F center is shown in Fig. 6.36. After

-
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(a)

tb)

FIG. 0.35. (a) Nopmal structure of £, F, ¥, and Fy* color cealers. (b) Relaxed steuciure of
the £, center. The clectron (not shown) shares the two empty spaces of the latuwe.
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FIG. 6.36. The pumping cycle of an F-center laser. configuration configuration

it has been raised to its excited state 3, the F center rapidly (of the order of
picoseconds) relaxes to its state 2. The configuration of this so-cailed
relaxed state is also indicated in Fig. 6.35 for the F, center. Relaxation
consists of a simple expansion of the vacancy {(or of the double vacancy)
for ¥, Fy, and F;* centers. The F center then decays (radiatively) to its
relaxed ground state (state 1 in Fig. 6.36) and then from there 1 rapidiy
decays to the unrelaxed ground state g. Since both the excilation (g —3)
and emission (2 — |) transitions are rather broad (~4000 A), these spectra
are reminiscent of dye lasers (see Fig. 6.22), the emission spectrum bemng
Stokes shifted relative to the absorption spectrum. £ centers are thus secn
10 fulfill the requiremenit of a four-level laser rather well. Not all F centers
are good candidates for laser action, however, since some of them (e.g., the
ordinary F center) have a very low fluorescence quanium efficiency. OF the
F,-type lasers, we mention the KCl:Li (A=25-29 um) and RbCl:Li
(A=27-33 um) lasers. Of the F,"-type lasers we mention the NaF
(A=0388-1 um), KF (A= 125-145 pm), and LiF (A =084-104 gm)
lasers. it should be noted that the preparation of laser crystals based on
these £, and F;" types of color centers requires considerable care and skill.

Figure 6.37 illustrates the sort of layout used in a color-center laser.
The laser is longitudinally pumped by another laser (usually & Kr* laser
oscillating on its ved, 647 nm, transition or a Nd:YAG laser) in a configura-
tion similar to that used for cw dye lasers (compare with Fig. 6.25b). Here
the puinp beam passes through the input mirror, which has a high reflectiv-
ity at the laser wavelength and a high transmission at the pump wavelength.
Coarse tuning of the laser is usually achieved by means of a dispersive
optical system such as a pnsm or a grating (they are not included in Fiyg,
6.37; however, see Fig. 5.7). The fine tuning and selection of a single mude
is achieved by using onc or more Fabry- Perot etalons in the cavity (e
Fig. 5.8). A complicaung feature of color-center lasers is the need to keep
the laser crystal at cryogenic temperatures (usually 7 = 77°K). There uce
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FIG. 637 Typwal layout of a ew color-center laser. The data indicated in ihe figure refer 1o a
KCL:Li taser longitudinally pumped by a Kr* laser {after Mollenauert ).

two reasons for this: (i) The lifctime 1 of the upper laser level decreases
roughly as /T for the F, center. Thus the laser threshold [oc 1/07, sce
(6.12)] is expected 1o increase linearly with 7. (ii) Both £, and F) centers
fade (in ~1 day)f the temperature is increased beyond ~200°K. This last
point poses a problem as far as the shelf life of color-center lasers is
concerned.! Note finally that the whole laser cavity 15 usually kept in a
vacuum enclosure (dashed line in Fig. 6.37) for iwo reasons: (1) on account
of the low temperature requirement of the laser crysial, and (i) to prevent
losses due 1o atmosphenc absorption (especially by H,0) from interfering
with laser action.

The performance of cdior-venter lasers can be summarized as follows.
Typical threshold pump powers are of the order of a few tens of milliwatts
(when the pump beam is focused down to a 20- um-diameter spot i Lhe
crystal). Continuous wave outputl powers up to | W with slope efficiency up
10 7% for F, and up 1o 60% for F,' have been obtained. The difference of
almost an order of magnitude in slope efficiency between the two types of
laser requires a comment. It arises from the fact that the pump gquantum
efficiency (hwy/hw,. see Fig. 6.36) is ~80% for F)* centers while it is only
~10% for F, centers, The slope efficiency in this case is cssenually
determined by the guantum efficicncy since the slope efficiency is the

'Some new classes of color-center lasers (e, FI*-doped atkali halides) have recently been
shown 10 be butl upnically and thermally stable, huwever,
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product of pump quantum efficiency and coupling efficiency {see (5.24b)] if
we assume n, = | (all pump photons absorbed) and v, = 1 (in view of the
very fast decay of the lower laser level). We finally note that some
color-center lasers (LiF and KF, F,* centers) have also been mode locked
using the same technique of synchronous pumping as for dye lasers. Pulses
as short as 5 ps and tunable over the laser’s emission range have been
obtained in this way.

By virtue of their broad tunability, their very narrow oscillation
linewidth, and their picosecond pulse capabilities, color-center lasers look
very interesting for applications in many areas such as molecular spectros-
copy, chemical dynamics, and evaluation of optical fibers.

6.8 THE FREE-ELECTRON LASER™

In the previous sections our discussion has progressed from situations
in which electrons are bound o a single atom or molecule, to situations in
which the electron is free to move along the chain of atoms in a conjugated
double-bonded molecule (dye lasers), and then (o situations in which the
electron is free to move through the entire volume of a semiconductor
crystal (semiconductor lasers). In this last topic of the chapter, we describe
one of the most recent and interesting 1ypes of laser, in which the electrons
are even more free than in the cases considered so far: the free-electron
taser. In fact in this laser the electrons move freely (they are in a vacuum)
through a periedic magnetic field and the stimulated emission process
comes about theough the interaction of the e.m. field of the laser beam with
the electrons moving in this periodic structure. Free-electron lasers can in
principle generate stimulated radiation of high peak intensity (~a few
MW /cm’) at any wavelength from the IR to the UV and perhaps even in
the x-ray region of the e.m. spectrum. So far, however, this type of laser has
only been operated at A = 3.4 um.*%

A schematic diagram of a frec-electron laser is shown in Fig. 6.38. A
beam of relativistic electrons is passed through a periodic transverse mag-
netic field (the “wiggler”). Stimulated emission along the direction of the

Helical magnet

(3.2 cm period} 43MeV Bunched
"‘I'}'_“;;-_..____ 7@ ™ Electron
| > I beam
Resonator Rasonator
mirror - e M e miiFTOF

Flu. 6.38 Schematic diagiam of a free-eleciron laser Jafter Deacon er af ™),
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electron beam s fed back, just as in any other laser, by means of two
mirrors of appropriate reflectivity. The stimulated emission process has its
origin, in the interuction of the e.m. wave with the elecirons moving in the
periodic magnetic siructure, This effect may be properly termed magncetic
bremssirahlung. Radiation can abo be absorbed through the process of
inverse bremsstrahlung. The wavelengths for emission (plus sign) and
absorption (minus yign) arc given by'*%

,

A= _A_“'_[l +(]_ )ZMBI](I + ..M)

2y? 20 ) me? ymic?

where A is the period of the magnetic field, yme? is the electron encrgy
(ergs), m is the electron mass, ry is the classical electron radius (em), and 8
is the transverse magnenc field . hince the emission wavelength is
slightly longer than that for absorpucn, one observes gain on the long-
wivelength side and loss on the shorl-wavelengih side of the transition. The
- minimum theoretical value for the linewidth arises from spontaneous emis-
sion and is determined by the length of the magnet assembly. There are
also inhpmogencous effects, however, arising, for instance, from the spread
in electron energy, the angular divergence of the electron beam, and the
variation in magnetic ficld over the cross section of the beam.

With the arrangement shown in Fig. 6.38, laser action has been
obtained at A ~=3.4 um with an average output power of 0.36 W and peak
power {the e beam was pulsed) of 7 kW. The light was circularly polarized
with the same polarization as the helical magnelt.

From (6.29) w is seen that the transition wavelength can be varied by
changing the clectron energy and/or the magnet period. Since, however,
the gain of the transition scales as A?/%,7%) where J is the e-beam current
density, it follows that higher electron beam currents will be required for
laser operation i the visible and uitraviolet. The facilities afforded by
present-day e-beam machines offer the possibility of producing faser action
W wavelengths at least as short as 100 nm. The neced Tor a suphisticated
e-beam machine and the relatively low efficiency of this laser (< 0.5%)
scem al present to be the most serious limitations. The future of free-
¢lectron lasers appears therefore to be dependent on the development of
relatively large national facilities.

(6.29)

6.9 SUMMARY OF PERFORMANCE DATA

By way of a summary, a sclection of the laser performance data given
in the previous sections has been gathered together in Table 6.1, Although
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TABLE 6.1. Performance Dala of Some of the Lasers Described in This Chapier

Average Peak Stope
Mode of A, power, puwer, Pulse effiiency,
Laser 1ype uperation” nm w kW duration %
Ruby P 6943 1 1010 1 ms-10 ns <0l
Nd:YAG ow 1064 150 13
Nd:YAG P 1064 400 I I -5 ms 1-3
Nd:YAG P L064 4 2x100  10-20ns I
He-Ne ow 6328 1073102
Cu P 510.5 40 100 20-40 ns |
Ar* cw 5145 10-150 <0l
He-Cd cw 325 0.1
416
o, cw WH6um (115 x 10° 16- 20
O, P 10.6 um w W' 01058 10
N, P 137.1 0.1 1y 10 ns <01
KrF P 248 100 S x 10 10 ns l
Rhodamune 6G P 590 100 100 10 ps 0.5
HF ow 26-33um Ty
HF P 26-33 pm [y
GaAs oW 840 0 ? 10

a

P = pulsed; ¢w = conunuous wave,

the hst of lasers covered in Table 6.1 is already quite numerous, it must be
realized that this only represents a tiny fracuon of the lasers that have been
operated so far. By way of an illustration of this, Fig. 6.39 shows the
wavelength ranges over which the vasious 1ypes of lusers have actually been
opetaled, The same figure also shows the powntial ranges for the three
different types of gas-laser transitions which can be used: (i) transitions
between electronic state, {u) vibrational-rotational transitions, and (i)
rotational transitions. However, it should be noted that these ranges can-
not, in general, be covered continuously by existing lasers. Dye lasers and
color-center lasers, however, are exceptions to this, and the ranges shown
fur them can be covered continuously,

The wide range of wavelengths which can now be covered with lasers
is worth emphasizing (roughly 0.1 1o 10° um, i.e, a factor of 10* between
the extremes of the range). Besides the wavelength, Lhere are other laser
parameters which can span a wide range. In fact we have seen that the
outpul power ranges from the nulliwan level of low-power cw lasers up 10
100 kW (and possibly much more, but this information s classified) for
high-power ¢w lasers and up to 100 TW for pulsed tasers. Likewise, laser
pulsewidths can range from milliseconds (for pulsed sohd-state lasers) (o
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FIG 6.39. Wavelength ranges for existing lazers in six of the categories considered in the text.
The figure also shows the potential ranges for the three Ivpes of Lransitions used in gas lasers.

picoseconds (for mode-locked lasers). The physical dimensions of different
types of laser also cover an extraordinary range: this goes from a few
micrometers to a few tens of meters (one of the longest lasers was used {or
geodesic studies and had a length of 6.5 km!). This enormous variety of
laser types and laser performance paramelers is perhaps one of the most
fascinating features of the laser field. It also means that, with such a range
of lasers available, there is a considerable variety of applications, and these
will be discussed at some length in Chapter 9.

PROBLEMS

61, Draw a scale covering the wavelength range of visible e.m. waves. Where do
ruby. He-Ne, Ar', and Rhodamine 6G lasers fall within this range? What is
the corresponding color of the emitied light?

6.2, List at least four lasers whose wavelengths fall in the infrared.

6.3, List at least three lasers whose wavelengths fall in the UV or VUV, What are
the problems in getting laser action in the UV or YUV?

6.4.

6.5.

6.6.

6.7

6.8

6.9.

6.10.

6.1

6.12,

6.13.

6.14.

6.15.

Estimate the width of the Lamb dip for a red He Ne laser. Compare this with
the Doppler width.

Estimaie the width of the Lamb dip for an Ar* laser and compare it with the
Doppler width.

Estimate the width of the Lamb dip lor a longitudinal-flow CO, laser and
campare it with the Doppler width.

For possible surgical applications, a laser with cw output power > 20 Wis
needed. What lasers satisfy this condition?

For metalworking applications, a laser with cw outpul power > 1 kW is
needed. Which lasers meet this requircment?

Assume that the hond between the two nitrogen atoms of the N, motecule can
be simulated by a spring of suitable elastic constant, Knowing the vibrational
frequency (Fig. 6.10) and the atomic mass, calculate the elastic constant
Compare this constant with that obtainable from the ground-state curve of
Fig. 6.19.

Assume that each of the two oxygen -carbon bonds of the CO, molecule can
he simulated by a spring with force constant k. Calculate this constant from
a knowledge of the », frequency (assume »y = 1337 cm ). With the further
assumption that there is no interaction between the two oxvgen atoms,
calculate the expected frequency ry of the asymmetric stretching mode.

Show that the bonds of the €O, molecule cannot be simulated by elastic
springs connecting the three atoms if the harmonic oscillation corresponding
to the hending mude of frequency », has to be calculated.

Show that, if the elastic constant of the N- N bond is tzken to be the same as
that &f the isoelecironic CO molecule, the (v’ = 1) (i = 0) (ransition wave-
tength of the N, molecule is approximately the same as that of the CO
molecule.

From the knowledge that the » n population of the upper laser level of
a €O, molecule occurs for the 1 wuomal quantum number J' =21 (see Fig.
6.13). calcultate the rotational constant B [assume T = 400°K, which corre-
sponds to an energy kT such that the corresponding Trequency (kT/h) is
~280 cm™ ),

Using the result of the previous problem, cafculate the frequency spacing (in
cm '} hetween the rotational lines of the €0, laser transition (assume that
the rotational constant of the lower laser tevel ix the same as that of the upper
Yaser level, and remember that only levels with odd values of J are occupied).

The coltision broadening of the CO, laser transition is Ay, = 7.58 (Y¢q, +
0.73¢y, + 0.6y, )p(300/ T)'/? MHz, where the ¢ are the fractional partial
pressures of the gas mixture and p is the total pressure (Torr). 1f the' ratio of
partial pressures of CO,, N;, and He motecules is 1:t:8, calculate the total
gas pressure necded to make all the rotational lines merge logether. What
would the width of the gain curve then be?
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6.16. If a CO, laser with high enough pressure to have all its rotational fines merged

together were mode locked, what would be the order of magnitude of the
corresponding laser pulse width?
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