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High-Power Chemical Lasers (°).

5. SormMENO and 8. MARTELLUCOI

Unité di Ricerca del Gruppo Nazionale di Eletironica Quantistica,
Facoltda di Ingegneria dell’ Université - Napoli, Ttalia

1. — Introduction.

The most familiar ways of achieving population inversions are by optical
pumping or by using a gas discharge. The first laser, using a ruby as the medium,
was operated by shining pulses of radiation from a flash lamp. On the other
hand, the first gas laser was run continucusly as a gas discharge. However,
there are several other very interesting possibilities; those based in some ways
or other on the principles of fluid mechanics and chemical kineties will be of
particular interest here [1-6].

The high energy density that can be released in exothermic chemical reac-
tions has led to the interest in converting chemical energy to coherent optical
energy. If we could use the energy of this reaction directly fo obtain a pop-
ulation inversion, we could build compact powerful lasers, Chemical lasers
are a powerful tool for studying the kinetics of some reactions as well [7].

The possibility of using inversion subsequent to chemical reactions is par-
ticularly interesting specially for producing high power output. In this seminar,
the term chemical lager will mean that the levels involved in the stimulated
emission processes are inverted directly as a result of chemical reaction, and
are energy levels of one of the reaction products. Such lasers do exist since
fifteen years, although continuous produetion has been achieved for some of
them only recently.

A closely related class of lasers also works because a chemical reaction
produces excited species. However, the vibrational energy is transferred by
resonant energy exchange to another species (usually CO,}, thereby providing
inversion in the second species. The chemical reaction does not have to give
a produect with a population inversion [8].

One advantage of chemical lasers is that they will provide radiation output

(*) Work partially sponsored by the Italian National Council of Research.
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HIGH-POWER CHEMICAL LASERS 351

In the first reaction ¥, is dissociated by a chemical means into free fluorine
atoms. The fluorine atoms then mix rapidly with D, and CO, forming vibra-
tionally excited DF. The excited DF transfers its energy to the CO, and laser
action occurs at 10.6 pym.

2. — Physical principles.

Most chemical lasers operate on vibrational rotational transitions in a
diatomic molecule. The energy levels of such a molceule are approximately
represented by the allowed energy states of a rotating Morse vibrator described
by a potential [14]

{3) V(ir)= D{1— exp[— f(r—r,)]}*.

Here D, is the dissociation energy referred to the potential minimnm as zero.
The approximate solution of the relative wave equation [15] then gives for
the term values expressed in wave numbers

) Che| R CR

+ B 1) — (v + é) T +1) — Dy + 1) (em-),

where f = (w,we/4B.)*. The eigenfunctions are given by

(5) Pal7) o¢ exp [—2/2] 247V LA )
with k= 4D, ffiw, and 2=k exp [— fr,x] and I}(z) being the generalized La-
guerre polynomial.

The strongest Iiser transitions involve a vibrational change Av = —1 and
a rotational change AJ = - 1[16].

Figure 1 shows a crude « billiard ball » picture of the reaction between a
fluorine atom and a hydrogen molecule. The fluorine atom approaches the
hydrogen molecule, and sometime during the collision the chemical bond is
shifted from the hydrogen to the fluorine. After the collision, the fluorine is
bounded to one of the hydrogen atoms, and the other hydrogen atom departs
alone.

The process described above can be divided into three stages: 1) the ap-
proach of an atom A to a complex BC, 2) an intermediate stage when this
approach continues but the bond B-C begins to stretch, 3) the separation of
the reaction products AB and C. Let us assume that E,, E, and E, are the
encrgies evolved during these three stages. It has been shown [4] that the
energy E, is evolved mainly in the vibrational form and Z; mainly in the
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Fig. 1. — Bchematic of a reactive collision.

kinetic form. The fraction of E, transformed into the vibrational energy of

the molecules inereases with the relative mass of atom A compared with the
atoms B and C.

A more detailed analysis of the reactive seattering in molecular collisions
can be carried out in the simplest ease of collinear motion of particles when

the potential energy depends only on two variables: V = Ti{z,,,x,,). The

Fig. 2. - Potential surfaces of a system of collincar atoms:

a) repulsive potential,
b) mixed potential, ¢) attractive potential.
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potential surfaces of a system of atoms calculated by means of the London-
Polanyi-Sato (LPS) method are sketched in fig, 2 [17]. The continuous curves
represent the constant-energy lines, and the dashed curves show the possible
trajectories of the motion of the system in the process deseribed by 4 + BC —
—> AB 4 0. Early qualitative discussion suggested a simple relation between
the partitioning of the reaction exothermicity and the form of the potential-
energy surface. This applies to an 4 + BC — AB + C reaction without ap-
preciable activation encrgy. If the surface is of the attractive or «early
downhill » type, in which most of the exothermicity is released as the reae-
tants approach rather than as the products separate, strong vibrational ex-
citation of the newly formed AB bond is expected, whereas for a repulsive or
«late downhill » surface most of the exothermicity is expected to appear in
translational recoil of AF and €. The energy partitioning has been thoroughly
examined in the Monte Carlo studies and found to obey this criterion, although
in extreme cases other features of the surface have some effects alse [18-23].

From the physieal standpeint, we may use the following intuitive picture.
When the chemical bond shifts from BC to AB, the eleetron jump occurs when
the A and B atoms are farther apart than they would be in equilibrium in an
AEB maolecule. Thus, the AR molecule is formed with a « stretched » molecular
bond, containing potential energy. Then, as the AB and € separate, this streteh
is converted into vibration in the newly formed bond.

According to the electron jump model the hydrogen-halide reactions are
ion recombination reactions, as

(6) A+ B-C—A*...B .0 A3 - C.

PoLAxYI suggested the picturesque term harpooning for this process: the at-
tacking fluorine atom tosses out its valence eleetron, hooks the hydrogen,
and hauls it in using their mutual Cowlomb attraction [24].

Relative rate constants k, for formation of vibrationally excited states of
lasing molecules have been obtained by several authors. TPARKER and PI-
MEXTEL [7], studving HF lasers, found &k ~5.5. Poraxyr and TArDY,
using [25-30] chemiluminescence techniques to study the F4H, reaction,
determined %, (v = 0, 1,2, 3) and the relative rate constants into individual
rotational states of each vibrational state. More sophisticated experiments
have been carried out resorting to crossed-molecular-beam techniques [31].

The reaction energy disposal into the different vibrational levels has been
analyscd in the framework of the so-called « information-theoretic approacls »,
particularly by LEVINE, BERNSTEIN, Bux-Siavn and Komra [32]. They
Iave shown that the vibrational distribution resulting from exchunge or ab-
straction reactions ean be desceribed by the distribution function-

(Va) P(f‘,) = Q:lPu(f,) exp(-— /.‘-,f,] y

23 - Rendiconti S.I.F, - LXXIV
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where the a priori distribution function Py reduces to
(78) Polf)~ia—f 1

In the rigid-rotator harmeonic-oscillator approximation (RRHO), f,=EJE
with E being the total energy released during the collision, 7 is the « vibra-
tional temperature » parameter (ranging from — 5 to — 10 for the reactions of
laser interest), and @, is the partition function. For some reactions the vibra-

tional-rotational Joint distributions P( f,+ J} have been shown to be represented
by the formula

(Te) Plor Iy = Q72 + 1f1— 1 — f (o)} exp [— A1,
discuszed by BEN-S11avL, HOFACKER and Koupa, or by
(7d) Plhor ) = QQHRJ + {1 — f, — 1,(0)}* exp [~ Af— 0000 -7,

as proposed by LEVINE ef al. [33].

3. — Chemical-reaction systems,

In 1964, KAsPER and PrMexTEL reported the first chemical laser. An early
search for vibrational excitation of CF; fragments from CF,I photolysis was
diverted by the discovery that the iodine atom is boru almost exclusively
in the Ly excited state [9]

(%) CEI+hy — CF TP, .

The 2P, — Py transition gave stimulated-emission light pulses up to the
kitowatt runge with a duration of a few microseconds. The frequeney s
T604 em™1, wavelength 1.315 st A similar behaviour was quickly discovered
for a variety of alkyl iodides and perfluoroalky! iodides. The CF,I srstem
displayed gain in excess of 100 dB m— and demonstrated the Dpotentiality of
chemical processes for high population inversion. Later on this system las
been used by Konmpa and HoHLA for laser fusion applications fa4, 35].

During 1966, Porrack added a Photodissociation Jaser based upon photog-
Iysis of nitrosyl chloride. Nitric oxide produced from CINO emits in the 6 um
region [36, 37).

In concurrent research DEvTsen discovered that nitrosyl chloride in a

pulsed electrical discharge also produces nitrie-oxide laser emission in the
6 ym region [38].
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With OCS in » pulsed discharge, DEUTSCH found laser emission due to vi-
brationally excited carbon monoxide. He attributed this excitation to the
dissociation of electronically excited OCS

OCS - CO' 48,

The elucidation of the CF,I photodissociation laser provided the key to
previously confusing, but intense infra-red emissions from hydrogen chlorine
explosions observed by KAspER and PIMENTEL using rapid-sean infra-red
techniques. These emissions were then readily identified with laser emission
from the secondary chemical reactions that oceur in photolytically induced
H,-Cl, explosion [39, 40},

Cl,4-hv —2C1,
{10) Cl+H, - AClI'+H ,

B4l - HCI -0,

Table I lists some of the chemical laser systems that have been operated
since the first chemical laser. The separate listing of the D,-Cl, and H,-Cl,
may seem redundant, but it makes an important point. Despite the apparent
similarity of the H,-Cl, and the D,-Cl, explosion lasers, significant factors act

TaBLE 1. — Chemical laser reactions.

Reaction Energy release Laser wavelengths
{keal/mol) ()
H+4Cl, —HC 40l 45 3.5 4.1
Cl+HI —HO +1 32 3.5-4.1
F+H, —HFf +H 32 2,530
F +HCl-» HF' +CI 33 2.5 +3.0
F+HI —HI? +1 64 2.5:82
H+¥F, —HF* +F 98 2.5+-3.4
¥+D, -DF' +D 31 3.5 -4
F+DI - DFY 41 G4 3.5-4.3
D+F, —DFt 4T 99 3.5 4.5
H-+Br, > OBrt+Br 36 4.0 4.7
0408 —=Cot 48 75 5.0-=5.8
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to lower the gain of the DCI lager relative to the TICI laser. Most obvious is
the effect of the inerease in the moment of inertia. Since rotationgal equilibra-
tion can be expected, the density of rotational states dilutes the inversion
density of any particular rotational transition for a given vibrational transition,

The mass effect has o secoud deleterious effect in increasing the density of the
vibrational states,

The C8,-0, flash-initiated explosion laser is of
chemical system that displayed laser cmission.
Pumping has been shown to be as follows:

special interest as the seeond
The mechanism of the chemical

0-+C8, - CS+80 £ 23 keal
(11) 04CS —CO'+8 + 75 keal,
$10, —S0-L0 L 6keal.

The most popular chemical laser uses the HEF molecule obtained from H,-F,,
SF,;-H,, UF,.-I., C;H,-F,, to quote the most common reactions. The H,-F,
reaction is of particular importance because it has been studied in great detail,

Fod-by —2F,
(12) F+H, +HF" (v>3) + H + 31.6 keal,,

O+F, - HF' (¢ 6) - F 4 98 keal .

In the presence of dissociated hydrogen or fluorine T, and ¥, ean react rapidly
throngh the F-4-H, and H-+F, reactions, which together form a ch
The F+1H, is called the « eold » reaction, because it releases le
than the « hot» rewction HLY,.

Considerabie interest has been foeused on HCl and DT lasers emitting in
the 3-5 atmeospheric window. The DF laser has received the most attention
becaunse of the greater ease in producing large flows of vibrationally excited
molecules. The reaction between H, and Cl, is not sufficiently rapid at room
temperature. Recently, ARNOLD ef al. [41, 42] have reported the suceessful
operation of a 4 W purely chemical HC! laser using the reaction of NO with
ClO, as a (] atom source and the fast reaction C1-LHT — O (¢ > 4) 21
as the laser pumping reaction,

ain reactiom,
8% chemical energy

NO-LCI0, - NO,-CI0,
(13) NO+4-CIO - X0, (I,
Cl14+Cl0, —2Cl0 |
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Chemical pumping of laser oscillation at 285.55 cm~! from flash photolysis
of H, :0, mixtures has been reported. Laser lines have been assigned by DOoWNEY
and ROBINSON [43] to chemically excited water vapour H,0' produced by the
reaction

O +hv = 0(D)+0,(14,),
o(')+H, -~ OH-+H,
H40, - QH+0,,
OH|H, ->HO'+H.

(14)

Another important class of chemieal lasers makes use of metal oxidization
for obtaining partial inversion. It has been known since the pioneristic che-
miluminescence experiments carried out by PorLANYT in the thirties that alkali
metal atoms, while abstracting halogen atoms, deposit much of the energy
in the vibrational degrees of freedom. By using exploding wire and films, the
Rice’s group at Lios Alamos has observed lasing from CO, TiO, VO, ZrO, MoO,
Ta0, WO, U0, LiF, CF, MgF, AlF, TiF, VF, FeF, NiF, CuF, Zn¥, ZtTF, MoF,
AgF, TaF, WF, Pt¥, Aul and UF [44].

Starting from the experimental evidence that many metal atom oxidization
reactions exhibit strong visible emission, a scarch for visible and near-IR laser
action resulting from electronic excitation and inversion is being actively
conducted in several laboratories. Some guidelines for this search have been
suggested by SUTTON and SUCHARD [45] through the use of a computer code
that calculates the minimum reactive branching ratio reguired for the ab-
straction reactions. Alkaline-earth oxides (e.g. BaO), carbon group molecules
(e.g. CN), niftrogen group oxides, transition metal halides have been recom-
mended as the best candidates for exhibiting laser action [46, 47].

Among the most promising reactions for use as potential chemically pumped
electronic transition laser systems are those reactions that produce group IV
oxides, halides and nitrides. In particular, CN has attracted the attention of
many investigators. An interesting device for producing excited CN has been
recently reported. It consists of an electric arc tlrough which room temper-
ature N, gas is passed, thus producing aetive nitrogen at roughly 6000 K. The
mixture of vibrationally and electrically excited N, is expanded through a
plug nozzle into a reaction chamber at velocities on the order of 10¢ cm/s for
a 10 Torr reaction chamber pressure; the dwell time is about 10 microseconds.
The hydrecarbon is injected at vight angles into the expanding nitrogen flow,
which results in the production of a bright flame. Two strong band systems
have been identified in the flumes produced in the reaction chamber, falling
in the blue and near-ultraviolet regions cxtending from approximately 500
to 900 nm [48].

Before concluding, it is worth reporling the chemical-laser classification
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proposed by PrueExTEL, based on the different reaction types utilized [49-51]

Type Lrample
Photodissociation = CFI4-hy  _» IM2P,) 4 CTFy
l i
Three-atom H4-Cl, — ROI'+Ch,
exchange FiH, — BRI,
2 0+C38 - C0' L8,
(15) ot
Abstraction Fr BH - H.F I,
P+ CH, - HF*4-CH, ;
Elimination CH;+CF, - HF'4-CHLCT, ;
Photoelimination CH,CHX -} Ay — HX' C.H,.

Another eurrent classification of chemical lasers refers to the reaction
initiation characteristies as follows:

flash initiation ,
continuous wave,

thermal explosion (HN,, CIX,),

electronic transitions (N.

4

- — High-energy and high-power chemical lasers,

Chemical chain reaction lasers are of interest because the ]

energy can be much greater than the tnergy required to initiate the reactions,
For the OIF system using a mixture of F., and H,, the hot and eold reactions
form a chain which proceeds untit all available F, or H, is extinguished.

The achievement of high-energy luser pulses on a nanosecond time scale
requires high pressures of H, and F

2 a5 well as a fast high-energy source to
produce atomic fluorine and hydrogen. In experiments carried out at Sandia

an intense eleetron beam (2 MeV, 30 kA, 70 ns FWHM) has been used to initiate
room temperature H,/F, mixtures in a large volume. The laser cell js a stain-
less-steel eylinder 14.9 ¢cm diameter and 1.67 m long. The electrons from the
REBA accelerator were drifted 16.5 em at low
a diaphragm into the laser cell. The laser output came through a hexagonal
array of seven 4.3 em diameter sapphire windows. A maximum laser energy
of 2.3 kJ has been reported with a gas mixture of 360 Torr F,, 140 Torr 0,

100 Torr 8F, and 100 Torr H,. The oxigen was used to Prevent spontaneous
explosion of the mixture.

aser outpug
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'S utilized [49-51] GERBER ¢t al. have obtained 228 J from a superradiant HF laser using a

Fy;

o the reaction

laser output
the reactions.
cold reactions
mished.

id time scale
"ZY source to
bt at Sandig
«ed to initiate
I is a stain-
ms from the
ssed through

a hexagonal

laser energy

40 Tarr Q,,

spontaneous

ry/deposited

mixture of 400 Torr SF, and 40 Torr of C,H,. An axial e-beam has been used
for dissociating the 8F, and producing atomie fiuorine [52],

5F;+e > 8F;+T+te,

16 SFete — SF,+2F+4e.

The key issue in using this sort of laser for generating very short and in-
tense light pulses is the energy extraction scheme. In fact, the high gain makes
very hard to achieve a good mode control. To overcome this diffieulty and to
control amplified spontancous emission and parasitics, the laser must operate
with a saturating optical field present during the pump cycle. By using this
scheme, spatial and temporal control of energy extraction from a 1.3 m long
amplifier filled with 8F, and C,H, excited by a 50 mm diameter Pulserad e-beam
has been obtained at Lios Alamos [53-56].

The development of these lagers has triggered a great deal of work for ef-
ficient generation of short pulses. Smroxis [37] has achieved mode-locking
of a single-line HF laser by using an unstable eavity and low-pressure HF
gas as saturable absorber. Pulses 5 ns long have been obtained.

5. — Continuous-flow combustion lasers.

Two major classes of continuous-flow combustion lasers can be identified:
gas-dynamic lasers (GDL) aund chemical-mixing lasers (CML).

An inherent requirement for €W laser emission from these CMIL devices
is the continuous generation of atoms. In the early research, CooL and co-
workers [58, 59], AIREY and MeuINzeR et el. demonstrated such techniques.
Based on these approaches high-power CML have been evolved consisting of
a high-temperature, high-pressure, nonstoichiometric combustor yielding a
sufficient concentration of free atoms at thermochemical equilibrium [60-66],
a rapid-expansion supersonic nozzle to exhaust the combustion products thereby
freezing the free-atom concentration, gas injectors to intermix the secondary
reagent into the low-temperature, low-pressure, supersonic flow where the laser
pumping reaction proceeds and a transverse optical resonator Lo sustain laser
emission on the newly formed reaction producis.

The kilowatt CW HF chemical-mixing liser developed by the Aerospace Co.
and TRW typifies this approach. A thermal DC arcjet is used to generate free
fluorine atoms from STF,. MEINZER ef al. demonstrated a pure combustion
route to high concentrations of I atoms via ¥F,rich H,/F, combustion. The
active medium formed in the mixing reacting supersonic flow was held at low
temperature (400 K) and low pressure ((2-+5) Torr) to minimize the normally
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rapid collisional decay of HF. Teal laser output greater than 2 kW has been
reported.

The pumping of chiemical-laser emission via chain reactions has been ol-
served or suggested in flame lasers, for example CO laser pumped by the (8,4-0,
system. The CO flame laser burns mixtures of (S, and O, to produce excited
CO molecules, cmitting in the 5 g region. The flame is seli-sustaining re-
quiring no external cnergy source and burns at rather low pressures
{(10+40) Torr).

6. — Laser modelling.

Chemical-laser modelling has attracted the attention of geveral authors
since the first attempt by COHEN ef al. [67], who modelled the TIC] laser of Corneil
and Pimentel. A detailed account of the codes used to investigate a model of
the kineties, the optical energy extraction and the energy transfer processes,
including the nixing models for CW lasers, can be found in the review papor
by EMANUEL [68]. Among others, it is worth mentioning the RESALE, SPIKE,
BLAZER aud RICE codes [69].

In the large field of laser modelling we will limit ourselves to point at four
classes of problems of particular relevaice for basic physies, namely: dipole
moment caleulation for vibrational-rotational transitions in diatomic molecules,
collision broadening in polar gases, information-theoretic approach to chemical
excitation rates of vibrational levels and to energy transfer, extension of laser
theory including eascade effects and population relaxation.

The radiation intensity gain , Der unit length is given by

kB,
(17) o, = t—J%vAN,ﬂ D(y — v,) (cm=1) |

where » is expressed in ety ANY = N, — N, g./¢, is the Population inversion,
Dy — v} is the unity normalized line shape factor and B, is the Einstein
cocflicient of induced emission defined in terms of an isotropic intensity, which

is related to the matrix elements of the dipole moment . for the transition
=1,

(18) 1674

—_ =t ' tx|g
Bual 3]1209“ :,Zk ijuh‘ ’

where the summation is over all the states belonging to the upper and lower

levels. ¥or a vibrational rotational transition ¢', J'— v, J, this egquation
reduces to

JJ 4] .
(19) B, = 4x 3.1414-10% “aF 1 M.
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6'1. Electric dipoles for diatomic molecules. — In the Born-Oppenheimer

approximation an electric-dipole moment function u{r) may be defined by
averaging the dipole operator with respect to the electronic co-ordinates of
the wave function. As a result, it can be shown that

2
¥

(20) @ eyl = I | frearyl, mt v,
0

where m —= J - 1 for a R-branch and m = — J for a P-branch. To evaluate
these matrix elements the wave functions are needed. As a first approximation
the wave funetions of the Morse oscillator {see eq. (5)} have been used. MEREDITH
and SarTH [70] have used the Rydberg-Klein-Rees empirieal potential in the
caleulation of dipole moment matrix elements. By using the RKR potential,
the classical turning points of the vibrational motion are determined directly
from the observed energy level transitions of a particular molecule.

To evalnate the r.hos. of eq. (20}, it is necessary to take account of the fact
that the variation of the dipole moment with internuclear distance is nob
strictly linear,

(21) piry = My + M,tr— 7)) + Molr— 70 + ..o
For very large and very small internuclear distances the dipole moment must
approach zero except when the molecule dissociates into ions.

Substituting Morse eigenfunctions and the r.h.s. of (21) into (20) yields

M, V1 — 3z, 2z, 1 1 — 38z,
<0I‘ll(1')l1> = .\/_.% 1—“‘—)"*1‘—"“ _ﬂfz'—‘— ar ]/ po In (1— 51‘./2) .
pted - - “te

(22)

pri-

3

The M, parameters have been determined for the HF molecule from the
experimental parameters

{0juj0> = 1.819-10-"¢ esu cm,
1|0y = 9.850-10-* esu cm,
{21pi0y = — 1.253-10-* csu cm,
¢3[p|0> = 1.628-10-* esu e,

thus giving

(24) ulr) == 1.7892 4 1.522(r — r,) — 0.2385(r — r,)2— 1.0958(r — r)e.
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As a result the Einstein coefficients A(e', v) for HF are
A(1, 0) = 189.2 571,

A(2,1) = 3225571,

A(3,2) = 406.1 571,

A4, 3) = 446,352,

In the limit » — 0 the dipole moment must approach zero as the third power
of the internuclear separation.

Analogous calculations have been carried out for CO, HCl and DF and
the relative Einstein cocfficients ean be found in the papers by EMANUEL,
HerzgLIN and COHEXN [67-76].

6'2. Line width and resonance broadening. — There are three main processes
that confribute to the formation of the lasing transition: a) natural broadenin g,
b) Doppler broadening, ¢} collision broadening, Stark broadening due to col-
lision with electrons and jons is negligible. In a CW laser, which operates at
low pressure, less than 10 Torr, collision broadening may be ignored. In pulsed
lasers, where one cannot get along without the use of foreign gases, the con-
tribution dne to Lorvenz broadening prevails over Doppler Bl'oadmnug. Pulsed
HY lasers typically operate at cavity pressures greater than 30 Torr, where
line widths are dominated by pressure broadening.

Many collision-broadening calculations have been based on  billiard-ball
internetions. The Fourier integral theory developed by LonrexTz, LENZ and
WEISSKOPT assumes that no transitions are caused by collisions. Then the
effect of a collision is equivalent to a relative phase shift of the radiation before
and after the collision, with no amplitude change.

AXDERSON has given a complete treaiment of pressure broadening of the
collision type which allows for collisions which induee transitions based on the fol-
lowing assumptions: i) colliding molecules follow definite classical paths, ii) the
duration of the eollision iz short compared with the time between collisions,
iii) the collision operators are smooth functions of the collision parameter [77].

Anderson theory, subsequently amplified by Tsao and CORNUTTE [78] and
modified by FIUTTAK and vax KRANENDONK [79], resulted from detailed quan-
tum-mechanical caleulations of the probabilities of nonradiating transitions
induced by the combined effects of all the intermolecular forces acting on the
radiating molecules [80]. Many calculations for the Lroadening of HF, HCI
and DF have shown a good agreement with experiments, thus giving support
to the Anderson theory for a dipole-dipole interaction between pelar diatomic
species [81-85].
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The collision-broadened half-width p of a vibration rotation line is

ny
{(26) ?2%29&0(%)7
i

" where 7 is the mean relative collision velocity and » iz the number of molecules

per cm? at one atmosphere and at temperature 7. The function o{J,) is the
collision cross-section of each rotational state J, of the perturbing molecule
and is expressed in terms of the development of the interaction time as
follows '

o©

(27) o) = f 22bS(b) Ab .

]

Here b is the impact parameter and S{#) contains the deinils of the collision,
Typically the perturbing species are in rotational eqnilibrium and the population
distribution is of the Boltzmanu type. In the case of the chemical laser the
rotational equilibrium may not be wvalid and the ecross-sections o, would be
weighted differently, thus resulting in an altered value of y and a different
optical-gain coefficient.

If it is assumed that the perturbations are due to the interactions invelving
the eiectric dipole g, and quadrupole moment € of collidmg molecules, S{b)

may be written as

(28) S = 2 [Cl b4 zgmfl(k) + C.b* Eg2nf2{k) + Gy b2 Egsnfa(]\')] )

S
where
O, = & pijtizy Cs = = 13Q/(im)?
1 9}[ ] ¥ z 15 ; 0 1
=9 " 1 2meb
Co =z QUmE, k= (AR,

and the g , coefficients are functions of tlie Clebsch-Gordan coefficients,

In the Anderson theory the scattering probability is taken as unity for all
impact parameters less than the kinetie-theoyy diameter b,. In the van Kra-
nendonk approximation the seattering probability for all impaet parameters
less than b, is assumed equal to (k). As a result of this choice, the line widths
predicted by the latter theory are often narrower than those predicted by the

{ormer one. .
The widths and shifts of HC] spectra have been a.dequa.tely_ explained by

Hrermax and Trrping by applying the gnantum-mechanical impact theory of
Baranger, Kolb and Griem (BKG) originally developed for atomic line shape
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caleulations, The BEKG theory furnishes a line shape

] const
30 Plr—w) = o
( ) (» 1’0) w4 (-]u — Yy — Al')‘: ,

where the width w and shift Av of a single line are proportional to the real and
imagiuary parts of the rednced line space resolvent operator D,

@ o

(31) @, = N[r,fna)dr.-fenb{zrt(oo, w00 T {00, — co)— 1]db,

i

[ [}

where N is the number density of perturbers, » is the relative veloeity of the
perturber-molecule paiv, f{v) is the velocity distribution, b is the impact para-
meter and U(eco, — oo is a time development operator acting on internal ra-
diator states, with U, and U, regarded as acting indipendently upon the initial
or final manifold of states.

Where model calculations of the H,-F, laser have been compared with ex-
perimental data, some have shown fairly good agreement in the predietion
of the pulse shape. However, predictions of laser energy over broad ranges
of operating conditions have not shown good agreement. This diserepancy
has been attributed to the assumption of constant pressure-broadened line
widths for different rotational levels. The specific information regarding the
v and J dependence of the broadening cross-sections and the distinguishing
broadening characteristies of various speecies in the gas must be inecluded in
theoretical ealculations in order to achieve good agreement with experiments,
both in the prediction of total energy and in the discrimination of spectral
content.

Loreutz broadening in the modelling of the HF laser has been reviewed
by HorGu. As a result of a survey of pressure-broadening data pertaining to
species present in the H,-F, chemical laser [85], v is shown to strongly depend
on the vibrational and rotational quantum numbers as well as on the partners
used as diluent in the gas mixture. A detailed model for line broadening has
been included in the SPIKE code developed by the Aerospace Corporation.

Line widths have been measured and calculated by many auwthors [81-83].
Recently [86], Boxczyx has reported & precise measurement of v for the
P-branch of the v = 1-0 band of the DF molecule, carried out by using a CW
DF laser as a continnously tunable light source. The values of y obtained are
in excellent agreement with corresponding theoretical values. The use of a
laser as a source has permitted the elimination of the instrumental modifi-
cations of the spectra occurring in earlier measurements done with large-
band light sources. In fact, by measuring absorption at low pressure, the
strength and width of single lines can be determined directly, thus getting rid
of the overlapping of adjacent lines occurring with high absorber pressure.
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6'3. Information-theoretical approach. — The time evolution of the population
in a molecular gas is described by the master equation [87-90]

dP(v, 1)

(32) &

= — z k(v > v ) P(r,t) + D> kv’ > v) P(v', 1) .

An explicit solution of the master equation is possible only when all the re-
quired rate constants are known. One often has only a rather incomplete input,
say the time dependence of a few population distribution moments. To de-
termine the population distribution at any instant in time, we seek a distri-
butieon P that does account for the magnitude of those moments that are known,
but is otherwisc as much independent as possible. The completely time-in-
dependent distribution is the equilibrium one P°(z). Hence, we seek the dis-
tribution P(r, f) which is as close to () as possible while being consistent
with the bulk data available on the system at time 2.

As & measure of the deviation of the population of the state v at time ¢
from its cquilibrium value LEVINE and BERNSTEIN use the surprisal

P, )
Poe)

(33) v,y =—1n

and find for microscopie and macroscopic disequilibrium that the v-dependence
of the swrprisal is simpler than the similar dependences of the actual prob-
abilities. The surprisal is essentially synonymous with independent data that
are required to uniquely specify the disequilibrium state of the system. Thereby,
it identifies the variables whose average values suffice to characterize the system
at the time ¢

By using this approach Procaccra and LEVINE have shown the validity
of an exponential gap law

(34) B —v3 )= AT Iwv"; Tyexp[— 2 \E,— E |/kT]

for the detailed rate eonstants. A(T) is a temperature-dependent factor and
ko(v — 2’5 1') is the so-called prior rate constant which ean be ealculated from
phase-space theory. The vibrational surpisal parameter A, i3 a measwre of
the deviation of % from 7°.

Analogous results have been obtained for the energy disposal of reactive
molecular collisions (see sect. 2, eqs. (7)) pumping chemical lasers [91-94] and
electronic transition lasers [83].

6'4. Laser theory: cascade and relaration effects. — A quantum-mechanical
multilevel cascade model has been discussed by NAJMABADI ef «l. {96]. They
have analysed an anharmonic oscillator by negleeting rotation and vibration-
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vibration collisions. They have assumed that only one cavity mode is resonant
with any given transition of the cascade chain. By solving numerically the

equation of motion of the density operator and retaining the third-order ap-
proximation, the mutual aid in cascading processes is evident. In particular,
8 slight increase in the intensity of the npper transition occurs whenever a new

lower mode starts to oscillate. By filtering out the middle transition, they
have broken the cascade chain, thus letting the

upper and lower modes to lase
as independent chains. ’

Gain saturation and Lamb-dip formation have been considered by several
authors [97-100]. The influence of collisions on the saturation characteristics
of vibration rotation transitions has been analysed by a suitable relaxation

form of the Boltzmann equation and by treating the radiation by the equation
of radiative transier [97],

DDI:-’ = I M — R,PY 4 o¥(NYM — PY) +

(35)

N

+ oty [;\ N - 3’] = 474000 P — Aty Quitgns (PS = Phia) -
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