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A comprehensive data set from experiments and model ealculations for investigating the behavior of optically
pumped supersonic beam lasers is presented. The results for Na, demonstrate the roles of stimulated Raman

scattering and one-photon population inversion on the

media for both circular and slit nozzles.

gain for collinear optical pumping of supersonic beam gain
For the wavelengths investigated, Raman gain dominates, and an effective

photon conversion of greater than 24% is realized. Lasing both with and without frequency-selective elements is
studied. Laser transitions terminating on a large range of vibrational levels of the X state are observed. The
density-matrix calculations for the gain coefficient include the dynamics of the expansion and the influence of
condensation. These results show good qualitative agreement with the experimental data.

1. INTRODUCTION

In this paper we explore the potential of molecular beams as
gain media in optically pumped lasers. Studies utilizing
optically pumped laser systems play an important role in
expanding our understanding of laser behavior, molecular
spectroscopy, and chemical kinetics. Optically pumped la-
sers that operate on a four-level system, such as dye lasers!
and F-center lasers,? are well understood, while the dynamic
behavior of an optically pumped three-level system is signif-
icantly more complex because of the coherent nature of the
process.” In the latter the pump field and the Stokes laser
field interact simultaneously with the ground and terminal
states through the common intermediate level (see Fig. 1).
Past work with optically pumped three-level lasers includes
studies on the influence of the dynamic Stark effect and
Raman processes on laser gain.®® As practical devices opti-
cally pumped lasers are interesting for use as line-tunable
short-wavelength lasers,’* as local frequency standards®
and as high-intensity molecular-beam sources of vibration-
ally excited molecules.®” Experiments on the population of
energetically high-lying vibrational-rotational levels” and
measurements of collisional-energy-transfer cross sections
in cells® have also been done. For chemical laser develop-
ment, demonstration of gain using an optically pumped laser
is often an important first feasibility test of the molecular
system of interest.?

A wide range of three-level optically pumped diatomic
lasers is known.3#-21  The dimers Na, and I, have undergone
the most extensive investigations as optically pumped gain
systems and provide insight into the general features of this
class of laser. For example, Wellegehausen and co-workers
have demonstrated in Naj; the origins of the forward—back-
ward gain asymmetry observed for collinear pumping of
many dimer-lasing systems.> The asymmetry results from
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stimulated Raman scattering (SRS) contributions to the
overall gain.

Compared with that of solid-state or liquid-phase svs-
tems, the output power obtainable from these gaseous media
1s relatively low, because of the small total number of active
particles in the relevant molecular states. Nevertheless,
output powers up to 200 mW have been cbserved.?? In spite
of their relatively low output powers the species are high-
gain media. Lasing thresholds of the order of a few milli-
watts of pump-laser input are achievable from sodium dimer
heat-pipe ring lasers with a collinearly pumped gain length
of approximately 10 cm, and a gain coefficient of $0.1 cm™!
has been reported. 2

The quoted results are for experimental configurations
that utilize equilibrium cell or heat-pipe arrangements to
provide a sufficient density of molecules for laser studies.
Although they are experimentally simple to realize, such
devices suffer from a number of intrinsic limitations. For
example, increasing the maximum usable dimer density is
limited as a result of self-absorption and collisional energy
losses. For best results in the case of sodium the heat-pipe
temperature is maintained within 5% of 800 X, illustrating
the delicate dependence on collisional rates, dimer mole
fraction, and population distributions necessary to achieve
optimum laser performance.®* Many of these limitations are
eliminated through the use of nonequilibrium supersonic
exipansion molecular-beam sources, as demonstrated
through our preliminary work on Na; and 1,714 Strong
cooling of the internal degrees of freedom, increased dimer
densities, and decreased residence time of the molecules in
the cavity owing to the rapid directed flow (see Fig. 2) com-
bine to increase the gain of the system significantly, result-
ing in some particularly attractive features of this novel faser
medium. '

In this paper we present a set of experimental results for
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Fig. 1. Potential energy curves and schematic level diagram of the
relevant electronic states of the Na; moiecule.
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Fig. 2. Flow field in the vicinity of the nozzle. The characteristic
regions for dimer formation and relaxations as well as dilution owing
to the expansion are indicated. The position of the waist of the
laser in the expansion zone is given for 2/D = 3. This distance can
be varied by moving the nozzle parallel to the 2z axis.

the optically pumped Na- supersonic molecular-beam laser
and examine a comprehensive theoretical model. The anal-
ysis explicitly accounts for the behavior of the molecules
during supersonic expansions. The gain calculation is done
within the framework of existing theoretical models for non-
linear processes. It includes collision processes and Raman
gain (see Fig. 3), pump-beam attenuation, and the ac Stark
effect. We show that optically pumped supersonic beam
lasers may exhibit extremely high gain coefficients. Az a
consequence, very low threshold pump powers can be ex-
pected for lasing. In fact, threshold pump powers below 100
#W have been predicted!? for optically pumped sodium la-
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sers. Sofar, they have not been observed in lasers based on
heat pipes. However, molecular beams as a gain medium
hold promise for achieving threshold pump powers as low as
100 nW. Such devices mav become of interest in the effort
to develop solar-pumped laser svstems.?* High-gain lasers
of this type have also attracted recent interest, because they
seem to be ideal svstems with which to study dvnamical
phenomena. such as self-pulsation. period doubling, and
chaotic emission.2>-%6

The paper is organized in the following manner: In Sec-
tion 2 the experimental apparatus is described. Section 3
presents the general characteristics of supersonic beams as
gain media. This includes a discussion of the behavior of
populations in specific levels N(c, f} for molecules that are
formed through condensation during the expansion. Rep-
resentative experimental results, which examine both inver-
sion and Rarman gain, are given in Section 4. In Section 5
the calculation of the gain for optically pumped supersonic
beam lasers is presented, and the relevant physical models
for the kinetics and optical processes are described. Calcu-
lated and experimental results are compared in Section 6.
An analysis of the sensitivity of the calculated curves to the
assumptions made is included. In Section 7 the work is
summarized and the applications of supersonic beam lasers
1o various areas are considered.

2. EXPERIMENT

A. Overview

The experimental setup is schematically shown in Fig. 4. I
consists of a supersonic molecular-beam source, a resonator
assembly, and a diagnostics chamber, which is not shown.
The vacuum system consists of a source chamber, a differen-
tial pumping stage, and a detection chamber used for diag-
nostic purposes. Sufficient pumping speed is provided io
allow molecular-beam operation with carrier gas for en-
hanced cooling.2*® The oven heids approximately 150 g of
sodium and operates at temperatures as great as 1025 K, i.e.
at vapor pressure of sodium as great as 230 mbars. The
nozzle is either a circular hote (0.2--0.5-mm diameter) or a slit
(5 mm X 0.03 mm). The beam source used in the experi-
ments is translatable in the x, v, and z directions under
vacuum, which permits proper alignment and the variation
of the distance between the pump laser and the nozzle.

FLOW

Fig. 3. Diagram of the energy levels 1, 2, and 3 with neighboring
reservoir states relevant to the description of the molecular-beam
laser. Kinetic couplings are indicated, including the flow of mole-
cules into and out of the cavity, contributing to level population and
depopulation. The collisional quenching rate for levels 1, 2, and 3
are vy, ¥z, and v3, respectively.
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Fig.4. Experimental setup, showing the ring cavity, formed by the
mirrors M1-M4 and built around the molecular beam, B. The
tuning element (interference filter or birefringent filter) is used
when specific laser transitions (see Fig. 1) are selected. The skim-
mer, Sk (see the lower part of the figure), separates the region of the
nozzie from other vacuum chambers. The Brewster windows (see
the upper part of the figure) are heated to prevent sodium deposit.
1n & mote recent setup, a flow of argon, directed toward the windows,
is used instead.
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The resonator assembly is built around the molecular-
beam source in & plane perpendicular to the molecular-beam
axis as illustrated in Fig. 4. It consists of a stable four-
mirrer ring resonatoer with an interference filter tuning ele-
ment to select a particular ¢” — v” molecular transition (see
Fig.1). All elements are mounted using thermally compen-
sated mounts on an array of Invar rods that help define the
resonator. Two heated Brewster windows sealed with
Dupont Kalrez O rings allow the light to be coupled into the
vacuum chamber. Heating the windows to 500 K suffices to
keep them clear of sodium during source operation. The
windows are made from Schott OS glass. A third window is
provided as an observation port and can be used for pump-
ing the gain medium perpendicularly with respect to the
resonator axis. In a more recent design,® we used a flow of
argon directed toward the vacuum side of the windows to
prevent sodium deposition. This approach is superior to
heating but requires a larger pumping speed in order to
maintain a sufficiently low background pressure in the vacu-
um system. After the molecules pass through the resonator,
they are trapped in the source chamber (or in subsequent
chambers) on cold walls.

B. Optical System

Molecules in the vibrational ground state absorb photons
from either an argon-ion laser or a tunable dyve laser. In
general, the pump laser propagates collinearly to the resona-
tor axis, but a perpendicular arrangement of pump-laser
beam and cavity axis is also employed.

The optical resonator is defined by mirrors M1-M4 ar-
ranged in a bow-tie configuration (see Fig. 4). The horizon-
tal separation of the mirrors is approximsately 390 mm, with
a vertical separation of 100 mm. The mirrors M2 and M3
have radii of 353 mm and reflect both the pump-laser and
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the dimer-laser wavelengths. Mirror M1 and M4 are flats,
with M1 baving high transmission at the pump-laser wave-
length and high reflectivity at the dimer wavelength. The
output coupler, M4, typically has a 2% transmission. The
mirror M1 is used to couple the pump laser collinearly into
the resonator, while M2 is used to focus the pump beam onto
the molecular beam. A telescope outside the resonator is
used to vary the pump-laser divergence in order to match the
watist size of the laser to the cavity mode at the molecular
beam. Astigmatism introduced by this resonator design,
which uses Brewster windows and spherical mirrors, is par-
tially compensated for by the choice of the incident angle
(7.2 deg) of the light onto the mirrors. An analysis of the
resonator design shows that an angle of 5 deg would provide
full compensation, but this angle is incompatible with the
present experimental apparatus.®®

A transmission interference filter (96% T) having a 4-nm
bandpass centered at 540 nm for normal incidence ¢an be
inserted into the cavity and can be used to select one vibra-
tional transition for lasing. In a more recent setup® laser
line selection is accomplished by means of a birefringent
filter. No attempt is made to restrict the lasing to a single
rotational line, so P- and R-branch transitions are observed
simultaneously.

The pump laser for some of these experiments is a single-
mode, scannable, and frequency-stabilized argon-ion laser.
The 476.5-nm argon-ion line is coincident with the Xa, B
Mo =6, ;' = 27) — X 1Z,4(v” = 0, j” = 28) transition.
The laser can be tuned continuously over its approximately
7-GHz-wide gain profile with a linewidth smaller than the
23-MHz natural linewidth of the Nay B+ X transition. For
pumping the sodium dimer on the A — X transition, which
has a 13-MHz natural linewidth, a tunable dve laser & used
in the spectral region 600--650 nm.

3. SUPERSONIC EXPANSIONS AS GAIN
MEDIA

A. General Characteristics
The charecteristics of supersonic expansions are tresed in
detail in the literature (see, e.g., Refs. 27-37). In this ssetion
the discussion of supersonic expansions is limited to those
aspects that are most relevant for understanding the use of
the expansions as gain media.

In the region close to the nozzle, the collision frequency in
supersonic expansions is high enough to maintain localither-
modynamic equilibrium among the translational, rotational,
and vibrational degrees of freedom. To a good apprasima-
tion the process can be considered an adiabatic and isextrop-
ic expansion involving an ideal gas. In this case conserva-
tion laws for mass, energy, and linear momentum allew one
to calculate the variation of density n(z) and tempeature
T(z) with distance from the nozzle. It is convenimt to
express these quantities in terms of the Mach number®.30

M(z) = u(z)/c(z), (1)

with c(2} = (vkgT(2)/m,2. Here v is the ratio of smcific
heats, kg the Boltzmann constant, and m; the mas per
particle. Given the Mach-number function M(z), ome can
calculate the density and temperature as the expansim de-
velops, using

n(z) = noF{M(2))""17, {2a)
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T(z) = TF[M(2)]7, (2b)

with F(M) = {1 + [(v — 1)/2]M?}, while nq and T, are the
density and the temperature, respectively, in the stagnation
region of the source. Equations (2} are a reasonable approx-
imation for z less than zj, the distance to the sudden-freeze
surface where thermodynamic equilibrium no longer can be
maintained. The value of zr can be estimated from the
stagnation conditions.” A detailed description of the beam
in the transition region requires a more complex treatment
{see, e.g., Ref. 36); however, in the context of this paper, we
are interested mainiy in the continuum flow region for ex-
pansions threugh both circular and slit nozzles.

For circular nozzles, wind-tunnel measurements of Ash-
kenas and Sherman® combined with theoretical results
yield for2/D > 1

M(z/D) = B(x)2*™" — {(v + 1)/[2(y ~ DJHB(x) 2]~
+ C(T)Z“Iﬁ‘}-!), (3)

where the parameter Z = (z — 2,)/D? measures the distance
from the nozzle in units of the nozzle diameter, The param-
eters Biy), C(v). and 2 are constants that depend on the
heat capacity ratio v of the expanding gas. They are pre-
sented in Table 1. At large z Eq. (3) reduces to

_ P 20 ¥—1
M(z/D} = B(y) D . 4)

The streamline with a distance #* from the axis at the throat
of the nozzle make &n angle, 8, with respect to the z axis,
given by3!

tan 6 = g(v) %B(‘y)”“““, (5)

with g{y) = [(y = D/ty + 1]+ The angle 6 is
important in calculating the Doppler profile of the beam for
use in the gain calculations of Section 5 below. In the limit
of large 2 all streamlines are straight lines appearing as if
they originate at a point 2z, in front of the nozzle.

The range of validity of the measurements of Ashkenas
and Sherman is /D > 1. An extrapolation that is valid for
=0.5 < z/D < 1 and smoothly matches the results of Ash-
kenas and Sherman at 2/D = 1, along with the necessary
condition that M(0) = 1, is%

M(z2/D) = 1.53(2/D + 0.69)1 16, (6)

For slit nozzles of width D and length L the Mach function is
determined from measurements of Beylich? ag

M(z) = 2[(z/D)1/0.53 — 1)/(y - DIV 2z <L, (7a)
M(z) = 2[(L/D)' ™ (z/D)*7%/0.53 = 1)/(y = D)} z> L.
{(7b)

Two distinct regions of the expansion behavior are observed.

Table 1. Parameters of the Mach-Number Function
[Eq. (3)] for a Circular Nozzle

Parameter Atoms Dimers
¥ 5/3 7/5
Bivy) 3.26 3.65
Ciy 0.31 0.20
20/} 0.075 0.40

Yol 6, No. T/July 1989/). Opt. Soc. Am. B 1389

In the near nozzle exit region, parallel streamlines are ob-
served in a plane that includes the long axis of the slit, while
a one-dimensional expansion occurs in the direction perpen-
dicular to this plane. In the far-field region, which is of less
interest in the context of this paper. the expansion resembles
that of a circular nozzie. A good approximation to the
Mach-number function for z » L is

Miz) = [1.94/(y = D(L/D)""~V2(z/Dy, (8)

When the beam expands into a sufficiently good vacuum, the
interaction of the background gas at pressure pp with the
particles of the beam has only a marginal influence on the
expansion. For higher py the background gas may pene-
trate into the expansion region, and a shock front develops.
which is characterized by a sudden rise in density and tem-
perature.”* For a circular nozzle, the location of the shock
front at the molecular-beam axis is near

12
aw/D = 07( 20) 7, (9al
Py
while, for a slit nozzle, it is found near
504
2/D = 07( 20Y . (9b)
Py

Itisimportant to realize that a shock develops only if expres-
sions (9) yield zm < 2y, i.e., when the tramsition to free
molecular flow occurs downstream of z2py. When the calcula-
tion shows zm > zf, the densities of the background gas and
the beam are too low for strong interaction. The flux of the
molecular beam is attenuated, but its thermodynamic prop-
erties are not changed significantly.

B. Population Distributions and Condensation Effects
For molecular gases such as 1, condensation effects are un-
important. However, in alkali supersonic beams condensa-
tion of atoms to form dimers during the early phases of the
expansion is significant.®-3% The resulting increase in di-
mer number density is one of the advantages in using super-
sonic beams for this work. The nascent molecules are
formed in high vibrational levels, and the energy of forma-
tion is deposited into the flow as the molecules relax colli-
sionally to low vibrational levels.® While it is advantageous
for improving the gain of the system, this process compli-
cates the calculation of the temperature characterizing the
vibrational and rotational level population.

Dimer formation occurs through a three-body process and
is thus restricted to the high-number-density region close to
the nozzle. The measurements of Aerts et ul.3® indicate
that, by 2/D = (.8, efficient condensation of atoms to form
dimers terminates. The average fraction of dimers at a
particular point in the expansion between 0 < z/D < 0.8 can
be described from their work as

Fz/D)=F,, + (F +F,,)G(z/D), (10

with
G(z/D) = 2.82 X 107° — 0.106(z/D) + 0.356{z/D)?
—0.252(z/D)° + 0.040(2/D)/[0.310 + 2/D)].

Here Foy.y, is the equilibrium fraction of dimers in the oven at
the given temperature and pressure conditions of the source
and F, is the terminal fraction of dimers in the beam. For
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Table 2. Parameters Describing the Variation of
Temperatures with the Distance from the Nozzle
According to Eq. (11)

Degree
of Freedom To T, Z,
Translation Oven temp. 40K 2.0
Rotation Oven temp. 40K 1.1
Vibration 2000 K 100 K 1.1

sodium, Eq. (10) applies to pressures and nozzle diameters in
the range of poD between 0.5 and 10 Torr-mm. The expres-
sion is assumed valid for peD of order 50 Torr-mm, which is
the poD of our experiment. In this paper an £, equal to 25%
is assumed.

Since the enthalpy of formation adds to the flow in the
region up to 2/D = 1, the temperature development given by
Eq. (2b} is replaced for each degree of freedom in Na; by the
empirical relation

T{(z) = (T, — Tpexp(—z/z)+ T,, (11)

where T is taken as the oven temperature when the tem-
perature development of rotations and translations is con-
sidered but is set to a value of 2000 K in the case of vibrations
to account for the effects of condensation. The dependence
of the calculated gain on the choice of Ty is investigated in
Section 5. The terminal temperatures, T, are those mea-
sured for the source in use, and the scaling parameter z, is
fitted to the experimental results. The values used in Eq.
(11) are presented in Table 2. It should be emphasized that
the primary uncertainties in our gain calculations for sodium
arise from the uncertainties in the concentration of dimers
and their vibrational distribution introduced by condensa-
tion.

4. EXPERIMENTAL RESULTS

In what follows, Subsections 4.A-4.C as well as 4.F present
data obtained without line selectivity of the dimer-laser
emission. The data of Subsections 4.D and 4.E have heen
obtained with an intracavity tuning element.

A. Output Power and Conversion Efficiency

The dimer laser oscillates simultaneously on several transi-
tions with relatively large Franck-Condon factors if no
wavelength-selective filter is used in the resonator. Transi-
tions terminating on vibrational levels 5 £ v” < 32 of the Nay
electronic ground state are observed. Figure 5 presents the
variation of the observed dimer laser output power with
distance z/D from the nozzle for a range of initial oven
temperatures. The variation is typical for a supersonic
beam as gain medium when dimer formation occurs in the
expansion.

In the early phase of the expansion the heat of formation
of dimers delays the cooling process. The population is not
sufficiently relaxed to provide a large pool of molecules for
optical pumping. The gain is therefore low, and the output
power is small. As dimer formation ceases further down-
stream and relaxation brings the dimers to the lower vibra-
tional levels, the gain rises, as does the observed output
power. At larger z/D the streamlines diverge (see Fig. 2),
reducing the density of the gain medium and csusing the
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output todrop. The density drops as (z/D)~2, but the length
of the active medium increases as z/D). Therefore the num-
ber of available molecules varies proportional to (z/D)~! and
the output power shows a primarily exponential falloff in
this region.

As the stagnation pressure increases, the amount of dimer
formation increases. The additional heat of formation de-
lays the cooling process to even larger 2/D. Consequently
the observed maximum of the output power increases and
shifts to larger z/D, and the higher dimer density allows
lasing to larger values of z/D. Under optimal conditions,
when a highly reflective mirror was used as the output cou-
pler (T < 0.01) and with efficient cooling by means of a
carrier gas, lasing has been observed as far out as z/D = 100.
‘This implies for a 300-pm nozzle (see Fig. €) that the gain is
still sufficiently large to support laser oscillation at a dis-
tance of 30 mm downstream from the nozzle, which is in the
collision-free region of the expansion.

Figure 7 shows the variation of the dimer-laser output
power with input pump power for three distances from the
nozzle. The results are shown as solid curves. The raw data
show fluctuations less than 5%. For z/D = 1.7 near the
maximum of the output versus z/D, the laser power varies
linearly with the pump power up to a value of ~25 mW. At
higher pump powers the output power begins to show satu-
ration. As the distance z/D increases, the curves deviate
from linearity at lower values of the pump power.

This behavior is consistent with the three-level medel
described in Section 5. The saturation pump intensisy, I,
{see Appendix A), is proportional to the relaxation rates ~;
and v3. The latter decrease with increasing z/D untdl colli-
sional relaxation ceases, causing the saturation pumpinten-
sity to decrease with increasing z/D. In the free-molecular-
flow region the relaxation rates become constant smd are
determined by the flight time through the resonator and. for
level 3, additionally by the spontaneous decay rate 4;.
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Fig. 5. Variation of the output power with z/D for various sagna-
tion temperatures T in the oven. The nozzle diameter is D= 500
wm. The pump-laser wavelength is A, = 476.5 nm. Lasingaccurs
at several transitions near 500 nm (see Table 3).
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Fig. 6. Variation of the output power with z/D for two different
total pressures including the carrier gas argon. The partial pressure
of sodium is px, = 130 mbars. The nozzle diameter is D = 300 m.
The effect of enhanced cooling at higher carrier gas pressure is
clearly demonstrated. Pump-laser wavelength is Ap = 647 nm.
Lasing occurred on the A1Z,* (¢ = 7) —= X I (v = 5} transition
at Ap = 682 nm.

o] T T y T

in
T

OUTPUT POWER [mW)

i 1 L

] 10 20 30 ] 50

PUMP POWER [mW)

Fig. 7. Variation of the output power with the pump power at
various distances z/D downstream of the nozzle. The dataforz/D=
3.5 and 5.5 are multiplied by factors of 2 and 50, respectively. The
raw data show a fluctuation of less than 5%. Pump-laser and dimer-
laser wavelengths are the same as in Fig. 5.

From the slope of the curve for 2/D = 1.7 and pump powers
less than 25 mW, the efficiency of converting pump power to
dimer-laser power is determined to be approximately 25%.

Since hw, > hwp, the photon conversion efficiency is even
larger.

B. Collinear and Transverse Pumping
From the previous results of Wellegehausen? it is known that
the stimulated Raman process contributes significantly to

Vol. 6, No. 7/July 1989/J, Opt. Soc. Am. B 1391

the gain, with gain due to population inversion between
levels 3 and 2 playing only a minorrole. The latter contribu-
tion to the gain is zero unless the quenching rate v- exceeds
the spontaneous decay rate A;,. Estimates based on the
variation of collisional relaxation with 2/D indicate that we
typically have A > v, for 2/D > 3. Thus inversion gain is
expected to vanish for larger distances from the nozzle.
Direct support of the above from experimental data can be
obtained from data taken when the gain medium is pumped
perpendicularly to the resonator axis. The large mismatch
between the dimer-laser and pump-laser wave vectors that
results reduces the Raman gain to a negligible value with
respect to the inversion gain, &s is shown in Section 5. This
allows one to measure the behavior of the dimer-laser output
as a function of z/D under conditions dominated by inver-
sion gain. Infact, in pumping the medium transverse 10 the
resonator axis one observes dimer lasing of equal intensits
in the forward and backward directions. Figure 8 compares
the observed variation of the output power for collinear and
transverse pumping with 2/D under otherwise identical ex-
perimental conditions. For transverse pumping lasing ter-
minates at approximately that value of 2/D where 4;: = 5.

C. Threshold Pump Power

The variation of the threshold pump power with z/I) is of
particular interest because of the high gain coefficient for
stimulated Raman scattering in this medium. Figure 9 ii-
lustrates the pump power required to reach dimer-laser
threshold as a function of 2/D for three different tempera-
tures. At small 2/D the threshold pump power at each
temperature is relatively high. The required threshold
pump power drops to a minimum value at larger z/D. fol-
lowed by a plateau region of varying width. At large 2/D) the
threshold rises primarily because of the decrease of particie
density in the region of diverging streamlines. Increasing
the source temperature decreases the minimum threshold
pump power required to produce lasing and shifts the mini-
mum to larger values of 2/D, At the same time the width of
the plateau region of the curve increases. These results are
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Fig. 8. Variation of the output power with z/D for the standard
arrangement of collinear pumping (filled circles, left-hand scale)
and for pumping perpendicularly to the axis of the cavity at the
location of the molecular beam (open circles, right-hand scale). For
the latter arrangement, lasing ceases near z/D = 3 since eollisional
quenching of the lower laser level is insufficient for maintaining
population inversion between levels 3 and 2 {(see Figs. 1 and 3).
Pump-laser and dimer-laser wavelengths are the same as in Fig. 5.
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Fig.9. Variation of the threshold pump power with z/D for various
stagnation temperatures Ty in the oven. Pump-laser and dimer-
laser wavelengths are the same as in Fig. 5.

expected because the dimer density, collision rate, and flow
velocity increase with increasing source temperature T.
They are also consistent with the observation that the en-
hanced dimer formation delays the cooling process owing to
the enhanced liberation of heat of formation.

A comparison of these data with the output power curves
in Fig. 5 shows that, similar to the trend observed for output
powers, higher source temperatures shift the curves to larger
z/D. Thethreshold minimum at a given temperature occurs
at a value of 2/D consistently larger than that observed for
the corresponding output-power maximum. The fact that
the locations of the minimum threshold and maximum out-
put do not coincide is not too surprising because they are
affected differently by the level populations and pump pow-
er. At threshold the system is operated under small-signal
conditions, saturation does not oceur, and it is highly sensi-
tive to thermal population in level 2. Far above threshold,
saturation strongly affects the complex line-shape functions
determining the gain, and the output is controlled mainly by
the population of level 1.

D. Results with Frequency Selectivity

Introduction of & frequency-selective element such as an
interference filter or birefringent filter into the cavity allows
the dimer-laser operation to be restricted to a single vibra-
tional transition. This increases the overall cavity losses.
In spite of that, lasing is observed to vibrational levels in the
range 5 < v” < 32 for A ~— X pumping. For pumping on the
B «— X transition, lasing occurs for 5 < v” < 15. By using
appropriate pump transitions, lasing in the range 1 <v” < 40
is possible. For the latter electronic transition, Fig. 10
shows a roughly linear correlation between the output power
and the magnitude of the Franck-Condon factor. The re-
sult for v* = 5 falls far off the line. In this case the difference
of the wavelength of pump and probe laser is smallest and
thus the losses due to increased output coupling are largest.
The transitions observed at an oven temperature of 1025 K
with a pump power of ~25 mW are presented in Table 3.
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E. Expansion with Carrier Gas

Expansion of the alkali vapor in a carrier gas results in more
efficient cooling because the condition for continuum flow is
maintained up to larger distances z/D. Furthermore, the
increased heat capacity of the expanding gas helps to absorb
the heat of formation of alkali dimers. As a result. the
population in low-lying levels is enhanced, in particular at
larger 2/D, and a higher output power is to be expected.
Figure 6 shows the result for two different total stagnation
pressures with argon as a carrier gas. Near the maximum of
the curves, the output power increases by a factor of approxi-
mately 2 when the stagnation pressure is raised from p= 0.5
bar to pg = 1 bar. Further downstream the increase is as
large as a factor of 5. Of course, when a noncondensable
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Fig. 10. Mazximum output power for transitions to several vibra-
tional levels v plotted versus the relevant Franck-Condon factors.
The pump power at A, = 476.5 nm was 25 mW. The transmistion of
the output coupler was 2%. The data were taken at the stagsation
conditions p, = 130 mbars, Ty = 975 K.

Table3. Observed Transitions for Frequency-
Selected Operation of the Na; Laser

Pump-Laser Laser
Transition Wavelength  Lower Laser
Ap {nm} Ap (nm) Level v” FUF (%)
B, X 13,* 531.9 15 .8
vV=Eh—v' = 528.1 14 i3
Ap = 476.5 nm 524.3 13 2
FCF = 5.9% 520.5 12 +4
513.0 10 &2
509.2 9 45
501.8 7 7.6
494 4 5 %5
AIZ X XI1Z.* 801.6 21 9
v=T«—v"=0 793.6 20 K9
Ap = 646.8 nm 785.7 19 59
FCF = 11.2% 762.1 16 8.9
739.2 13 3.4
716.8 10 38
680.9 5 Bl
667.0 3 43
AlZ+— XI1Z,+ 812.5 32 120
vE17ep" = 805.7 31 P
A, = 604.4 nm 798.9 30 Tig
FCF = 1.0%

¢ Franck-Condon factor.®
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carrier gas is used, a significantly larger pumping speed is
required.

F. Preliminary Results for Slit Nozzles

In the context of this work, it is a disadvantage to use an
expansion through a circular nozzle since the effective active
length of the gain medium is then quite short. Anangle of 1
deg of the flight path of a molecule relative to the molecular
beam axis results in a mean Doppler shift of ~35 MHz,
which is larger than the natural linewidth of the molecular
transition. Because the distance along the streamline and
the angle are small, the usable length in the direction of the
laser propagation is also small. Figure 11 shows the varia-
tion of output power and threshold pump power with the
vapor pressure in the oven for a fixed distance from the
source and the B(6, 27) +- X(0, 28) transition. The output
power increases approximately linearly with increasing pq,
while the threshold pump power decreases exponentially.
It is tempting to extrapolate these data to even higher pgand
to temperatures greater than T, > 750°C. However, the
material consumption then becomes excessively high, which
limits one’s enthusiasm for attempting the measurements.

By providing a near-paraliel flow field, slit nozzles offer an
opportunity to increase significantly the effective length of
the gain region. In a preliminary experiment we replaced
the circular nozzle by a slit of equal area having dimensions
of L = 5mmand D = 0.03 mm.

Figure 12 shows representative results for the variation of
the dimer-laser output and the pump power required to
reach dimer-laser threshold at & source temperature of 975
K. The data are for pumping the B(6, 27) — X(0, 28)
transition. The maximum output power is higher for the
slit nozzle than for the circular nozzle as expected because of
the increased length of gain medium in the former case.
The observed threshold is lower as well for the same reasons.

5. GAIN CALCULATIONS

A. Derivation of the Gain Coefficient

The gain coefficient ap = —(1/Ip) (dfp/dz) is the basic quan-
tity that must be determined for the calculation of the out-
put power and the threshold pump power of the dimer-iaser
system. It is given by?

ap = _kD Im{2hc,023VD/ID) (12]

and is related to the nondiagonal element py; of the density
matrix. The Rabi frequency Vp = 0.5p2:Ep/h represents
the coupling between levels 2 and 3. The transition dipole
moment, the electric field, the intensity, and the wave num-
ber of the dimer laser are p,;, Ep, I, and &y, respectively.
The calculation of the gain, based on a density-matrix
approach,?35-43 uses the kinetic scheme illustrated in Fig. 3.
The detunings of the pump and dimer lasers from resonance
with the molecular transitions w;; are given by 2, = w, ~ wy
and Qp = wp — wgs, respectively. For simplicity the molecu-
lar energy levels are reduced to a three-level system, each
level of which is coupled to a reservoir formed from all
remaining levels. Collisional transfer into the reservoirs is
possible at rates v,c, v2c, and vyac. The reverse process is
negligible for Jevels 2 and 3 since the neighboring levels are
virtuaily unpopulated for z/D > 1.5. Spontaneous emission
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Fig. 12. Variation of the output power (filled circles, right-hand
scale) and threshold pump power {open circles, left-hand scale) for
the B(6, 27) — X (0, 28) transition with the distance from the nozzle
for a slit nozzle of width D = 0.03 mm and length L = 5 mm. The
source temperature is T = 975 K. Pump-laser and dimer-laser
wavelength are the same as in Fig. 5.

out of level 3 to level 1 or 2 is possible with rates 4;; and 4.5,
which depend on the Franck—Condon factors for the transi-
tions involved. The inverse of the spontaneous radiative
lifetime of level 3 is A;. For the homonuclear molecules
under consideration there is no radiative coupling by one-
photon transitions between levels 1 and 2.

The total relaxation rates of level £, «;, include spontane-
ous emission and all nonradiative processes such as colli-
sions v;.. The rapid directed flow (1500 m/sec) also leads to
a relaxation process because the molecules leave the resona-
tor quickly and appear as a loss to the gain medium. This
relaxation mechanism (time-of-flight relaxation} allows suf-
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ficient Raman gain to permit cw dimer-laser action in the
region of free molecular flow.

The relaxation rates v;; describe the damping of the off-
diagonal elements of the density matrix p;;, i.e., the polariza-
tion of the medium for the respective transitions. Normal-
ly, they exceed the ~,; because of phase-changing collisions
and thus obey the rule** v;; 2 %(y; + v;}. In the collision-
free region of a molecular beam the equality sign applies.

Within the rotating wave and steady-state approxima-
tions,* and when a classical treatment of the electromagnet-
ic fields of standard form is used, the differential equations
describing the evolution of the density matrix needed for
this problem reduce to a set of algebraic equations? that can
be solved by standard methods. Analytical solutions for the
gain coefficients a;* and ap* for the pump and dimer laser
radiation, respectively, are given in Appendix A.

In the case of low dimer-laser power I, the gain coeffi-
cient ap’ can be expanded in a series in /p and the lowest-
order contribution yields three terms that are easy to inter-
pret:

Y1 P

ap’ = “D{ﬂzzoE{U) - pnom 1+ P
1

X [(1 — Aplv)é WEW) + 523— G(v)]}- (13)

Y13

The derivation of this formula®#? is briefly described in
Appendix A. The absorption cross section for the dimer-
laser transition is op = kpipasl?/(eghyz3). The variables p),°
and p2:° are the equilibrium-level populations without any
fields. In a molecular-beam environment py2® can normally
be set to zero.

The pump parameter P is proportional to the pump-laser
field £, and indicates the degree of saturation for that tran-
sition; specifically, P is the ratio of the pump-laser Rabi
frequency, V, = p13E,/(2h), and the factor 4 = 0.5v137v1vy/
2(y, + v3) involving relaxation rates. The line-shape func-
tions E(v), 815" (v}, and G(v) depend on the relaxation rates,
the pump parameter P, the detunings of the laser frequen-
cies p = w; — w3 and Qp = wp — wsy, and the velocity v of the
molecules through the Doppler shifts kppv. The explicit
form of these functions is given in Appendix A [Egs. (A6)-
{(A8)].

The first term of Eq. (13) represents the self-absorption of
the dimer laser that is due to an initial population ps;® in
level 2. For small pump-laser power P its frequency depen-
dence reduces to a Lorentzian line shape of width vg3. This
term is negligible for vibrational levels ¢” > 0 in a molecular-
beam environment since po;° is effectively zero. The second
term can be identified as the gain arising because of an
inversion between levels 3 and 2. It contains the factor (1 —
Aggz/vs), which changes sign when the relaxation rate v;
drops below the spontaneous emission rate Az;. Itisrespon-
sible for limiting lasing to small z/D in the transverse pump-
ing arrangement. The product p,%P/(1 + P)}6,5" in this
term gives the number of molecules that are transferred by
the pump laser to level 3, with 3,3°(v) being a power-broad-
ened Lorentzian line-shape function for the pump-laser
transition. The third term is characteristic for a three-level
laser system. It represents the gain due to the Raman pro-
CEess.

Usually, under the conditions of our experiment, the first
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Fig. 13. Variation of the gain with the velocity component v, in the
direction of the laser beam for copropagating {solid curve) and
counterpropagating {dashed curve) pump and laser beams. The
scale on the top gives the dimer-laser frequency detuning in units of
the linewidth of the pump transition.

two terms of Eq. (13) are unimportant. Therefore the be-
havior of the third term, the Raman gain, is of particuler
interest. Thus it is necessary to examine the behavior of the
function G(v) in greater detail. Here v is the component of
the molecular velocity parallel to the axes of the laser beams.
The function G (v}, appropriate for this process, is shown in
Fig. 13 as a function of the velocity v or the normalized
Doppler shift kpv/vy3 for both copropagating and counter-
propagating laser fields. It reaches a maximum when the
resonance condition

(@, — Qp) — (k, — ekplo = 0 (14)

is obeyed; this is just the condition for energy conservation
in a system in which Doppler-shift energy compensation is
possible. The directional asymmetry of the line shape is
clearly revealed.

When @p and Q are fixed, energy conservation yields a
unique velocity component, by, for which it is sstisfied.
However, the finite linewidth of the two-photon tramsition
Awyy brings molecules in the velocity range Av near the
velocity Ure into resonance with the laser fields, according to
Eq. (14). This velocity range is given by?

lk,avt = Awyy/tekp/k, — 1). (15)

It is smaller for counterpropagating fields (¢ < 0) than for
copropagating ones, resulting in a smalier gain for the former
as opposed to the latter. Moreover, for counterpropegating
fields absorption occurs for molecules with velocity csmpo-
nents farther away from v..,. Experimentally this reveals
itself as a forward-backward asymmetry in the outputpower
of the dimer laser. In fact, for Nas-beam lasers no emission
is seen in the propagation direction opposite that of the
pump laser.’¥ InI; a forward-to-backward intensity ssym-
metry of 10 to 1 is observed.”
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B. Velocity-Integrated Gain

A molecule contributes to the net gain oy, of the dimer laser,
according to its velocity component . The corresponding
distribution function is f(r). Assuming for f(vi a Maxwell
distribution of width (2k,T/m)1?, which is much broader
than the line-shape functions 6;4"(c). E(v}, and Giv), the
velocity integrations can be performed analytically in the
limit of small pump-laser intensity /,.** It can be shown*’
that, in the limit of low pump-laser and dimer-laser fields,
the velocity-integrated contribution G') of the two-photon
transition to the gain is zero for ¢ < (.

C. Output Power and Threshold Calculations

The output power and the threshold pump power have been
calculated numerically without any approximations to the
gain concerning low pump- or dimer-laser power. The
steady-state gain coefficient is also given in Appendix A [see
Eq.(A4)]. Ttdepends onthe detunings, which obey the two-
photon resonance condition, Eq. (14). The other variables
are local parameters that vary with the location of the pump
laser in the amplifying medium. They are calculated based
on the modeling of the expansion as discussed in Section 3.
The total gain coefficient results, therefore, from the gain
coefficient at first integrated over the velocity distribution
at each position of the beam and then integrated along the
amplifying medium. The latter integration has been simpli-
fied by a one-dimensional summation over the propagation
direction of the laser fields while taking into account the
decrease of the pump-laser intensity as it propagates
through the medium. Thus the intensities of the electro-
magnetic fields are considered constant transverse to their
propagation directions up to a distance +u /2 from the beam
center, with w. being the beam waist size. Here wyis 756 um
for both beams. This also implies that variation of the
population of the molecular levels with v is ignored. Al-
though these assumptions may lead to an overestimation of
the calculated gain, they considerably reduce the computa-
tion time without affecting the gqualitative value of the re-
sults. In addition, a number of other approximations of less
consequence have been made:

(i) The dimer-laser field is not treated as a dvnamical
variable but is taken as a parameter for these calculations.
Thus Maxwell equations that correlate the variation of the
Stokes field with the polarization of the medium induced by
the laser fields*® are not included in the computational pro-
cess,

(i) The number density on the molecular-beam axis and
the streamlines of the expansion are assumed to be given by
the Mach-number function.

{iii) The streamlines of the expansion are assumed to be
straight lines starting at the nozzle and are thus defining the
mean Doppler shift for the fields.

(iv) The angular distribution of the beam flux varies™
according to cos” 6.

(v} The collisional relaxation rates are estimates.

(vi) The integration limits are given by the most proba-
ble velocity of the Lorentzian velocity distribution and the
1/e-width of the laser fields. The length of the amplifying
medium is limited by those streamlines that start nearz = 0
at a distance r = I2/2 from the axis.
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The actual gain calculation proceeds as follows: For given
z, the Mach-number function M{z) and the parameters de-
scribing the supersonic beam are determined according to
Eq. (3) or (7) and Eqgs. (10) and (11), respectively. The gain
is calculated bv propagating the laser beams across the gain
medium in small steps, employing Egs. {A3) and (A4) of
Appendix A. For threshold calculations the initial dimer-
laser intensity is set to zero. At each step in the v direction.
the local density level, populations, collision rates. and the
angle between the streamline and the field, giving the meun
local Doppler shift, are determined. The absorption coeffi-
cient or gain coefficient for the pump or dimer laser. respec-
tively, is then integrated over the velocity distribution at
this value of . The decrease of the pump field intensity is
determined, and the dimer-laser gain coefficient is stored.
This procedure is repeated until the fields have propagated
through the medium.

In the steady-state limit the dimer-laser intensity is con-
sidered constant and is determined by the value of the gain
coefficient resulting from integration over the length of the
active medium. This value is labeled G(Ip). The overall
dimer intensity in the resonator is implicitly given by the
conditions®

Cexp|GU,) - L} =1,

where C and L are the transmission efficiency and the losses
in the cavity, respectivelv. This condition is valid for
steadv-state operation, where the overall gain and loss bal-
ance. The calculated output of the dimer laser is 0.02/;.
The calculated results are compared with experimental data
in Section 6.

8. CALCULATED RESULTS AND
COMPARISON WITH EXPERIMENTAL DATA

In Fig. 14 the calculated variations of output and threshold
with the distance z/D from the nozzle are compared with
experimental data at 975 and 1025 K. The input parame-
ters for the calculations are given in Tables 1 and 2. The
collision cross sections are taken as ¢ = 100 A2, g5 = 300 A-.
and a5 = 500 A2. The cross sections are estimated because
measured values are available only for room temperature.
Here, the collision rates at the very low temperature prevail-
ing in the expansion zone are relevant and may vary signifi-
cantly with the vibrational level.*” The resonator losses are
estimated to be 7% (including 2% from the output coupler
M4 and filter losses of 4% to achieve single-frequency las-
ing). As expected, the absolute values of the calculated
output and threshold pump power agree with the experi-
mental results only within an order of magnitude.

The accuracy of the calculated data suffers mostly from
the difficulty in determining the absolute number densities
for ground-state-level populations and from the other as-
sumptions made in the model. The variation of cutput and
threshold pump power is, however, reproduced well within
the experimental error. Also, the shift of the maximal out-
put power and the minimal threshold power as a function of
z/D is confirmed by the numerical calculations.

The observed and calculated variation of the dimer lazer
output power with input pump laser power is shown in Fig.
15. The theoretical curve reaches saturation at lower pump-
laser powers than the experimental curves. This is consis-
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Fig. 14. Comparison of the calculated {solid curves) and measured
variation of (a) output power and (b) threshold pump power with
z/D. The relevant temperatures in the expansicn zene are modeled
according 1o Eq. (11) with the parameters given in Table 2. Pump-
laser and dimer-laser wavelength are the same as in Fig. 5.

tent with the expectation that the collision rates at the low
temperatures prevailing in the beam are larger than at room
temperature, since the saturation intensity depends linearly
on the relaxation rates vy, and v;. The lack of sufficiently
accurate data about collision processes at low temperatiires,
which govern the saturation behavior, prohibits a more de-
tailed analysis at this time.

The observed variation of the output power with z/D is
shown for three terminal laser levels v” in Fig. 16(a). In
Figure 16(b) the variation of the calculated gain in the small-
signal limit (I = 0) is shown. The output power was not
calculated because the information about the overall loss
was insufficient in this case. As expected, the maximum
gain is found for positions 2/D downstream of the maximum
output power. In fact, for v” = 7, 10, 14, the lowest thresh-
old pump power is observed in the range 3 < z/D < 4. Tests
of the sensitivity of the theoretical curves to the choice of
input parameters can be made to assess the reasonableness
of the parameter values chosen and to provide insight into
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the influence of various parameters on the laser perfor-
mance. Results are shown in Fig. 17. The vibrational tem-
perature [see Eq. (11}] is enclosed in quotation marks be-
cause it is essentially a parameter that describes the ratic of

the population of levels v” = 0 and v” » 1. The rapid
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(dashed curves) variation of the output power with pump power for
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Fig.17. Variation of the calculated output power with the distance
2/D from the nozzle, showing the sensitivity to the initial vibrational
temperature [see Eq. (11}], the eollision cross sections os and oy for
levels 2 and 3, respectively, and the total loss of the cavity.

decrease of the output power with increasing T.;, results
mainly from a decrease in the number of molecules in level 1
at small z2/D, where the densities are the highest. The cross
section o9 for the depopulation of level 2 and the polariza-
tions py; and pa; affect the maximum output power but have
little effect in the threshold region. Collisional losses of
level 3 do affect the laser performance in the region near the
nozzle but not at larger z/D. This is because the relaxation
of level 3 is dominated by spontaneous emission at large
distances from the nozzle. The variation of output power
with cavity loss L is also shown in Fig. 17. For§% <L <10%
the threshold is reached at nearly the same distance from the
nozzle in each case. Figure 17 demonstrates that the popu
lation of level 1 is the most relevant one to use in determin-
ing output and threshold pump power hehavior and that the
cooling process of the internal degrees of freedom dominates
the laser performance in the region 1 £ 2/D < 2.

7. SUMMARY AND CONCLUSIONS

We have discussed some unique features of supersonic
beams as a gain medium for optically pumped lasers. These
systems exhibit extremely large gain coefficients and pro-
vide significant advantages over conventional cells and heat
pipes as sources for gain media. The results of our experi-
ments confirm conclusively that the high gain observed in
the Nay-beam laser is a result of stimulated Raman scatter-
ing contributions. The variations of calculated output and
threshold pump power with the distance from the nozzle
agree well with the experimental results. The absolute mag-
nitude is, however, not reliably reproduced because of the
lack of sufficiently accurate data about number densities,
collision processes, and dimer formation in the expansion
zone. Further significant improvement of performance is
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expected from scaling the use of slit nozzles to increase the
length of the gain medium.

The unique nature of this type of laser system is permit-
ting new applications for optically pumped lasers in scientif -
ic research. For example, we have recently investigated the
application of this system as an intense source of vibration-
ally state-selected molecules for use in scattering and ener-
gy-transfer experiments.f Additionallv. because of the ob-
served low threshold pump power, this system holds promise
as a candidate for solar pumping in spite of the coherent
nature of the conversion process of pump photons to laser
photons. Furthermore, in the area of fundamentai laser
physics, investigations of the role of pump-laser photon fluc-
tuations on optically pumped lasers in a ring cavity*® can be
made. Finally, we may speculate on the use of this laser as
an amplifier for laser radiation at a specific wavelength in
the blue and red regions of the spectrum. In particular. this
will be interesting if the slit nozzles can be scaled to even
larger lengths.

The use of molecular beams as sources for opticallv
pumped lasers is not restricted to Na,. Lasing has been
observed within I, beams’*? and K; beams as gain media.
Using other molecules, such as NO, as the gain medium
holds promise for laser lines offering broad tunability in the
UV spectral region.

APPENDIX A

For completeness we summarize the relevant formulas here,
as they have been used in the numerical relations.

Basic Equations
The derivation of Eq. (13} is based on the Schrodinger equa-
tion in the densitv-matrix formalism:

dp/dt = =i/h(Hp = pH) = p,, + p.. (A1)

where p is the density matrix that describes the temporal
evolution of the system under the action of the Hamiltonian
H; pre1is a relaxation matrix coupling the molecular levels of
interest to the reservoir, formed by all other levels; and p. is a
spontaneous decay matrix. The relaxation matrix p,. has
the following form:

vilen — ") Mooz 13013
Prel =1 Y12P0 Fokpoo ~ p220) Yazfas |+ (A2)
Y13P1a Y2aPaz REIZN

Thermal populations are given by p;°. The v, and «,, are
described in Subsection 5A; the relaxation rate v, also con-
tains the spontaneous emission rate Ay. The coupling of the
levels 1, 2, and 3, because of spontaneous decay, is given by
the matrix elements p;1; = Aj1p3: and ps20 = Asopss.

H includes the Hamiltonian H for the unperturbed mo-
lecular system with eigenvalues Aw,, and the dipole operator,
PE. The matrix p contains the dipole moments for the
respective transitions. The electric field E has the following
form:

E= (Ep/2)exp[-—i(wpt - kpx')]
+ (Ep/2)exp[=ilupt = ekpy)] + c.c.

The parameter ¢ = +1 defines the propagation direction of
the dimer laser Ej; relative to the pump laser E;. As usual
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the rotating wave approximation and the slowly varying
envelope approximation®4546 are applied to solve Eq. (Al).
Since the motion of the molecules is relevant, the time deriv-
ative d/d¢ is given explicitly by 6/8¢ + v 8/6y, where v is the
velocity of the molecules along the laser propagation direc-
tion. When this form is used, the dependence of the density
matrix in the x and z directions is neglected. Under steady-
state conditions Eq. (A1) reduces to an algebraic system of
nine equations that can be solved for the imaginary part of
pi;. The latter is related to the gain of the corresponding
transition through Eq. (12).

General Solutions
The general solutions for the gain coefficients are?

a,’ = ap'y]3/N0I—Ap11° + Bpaot — 2(AC = BD)|V,)?

X (Tgap11® = 0221 — Agy/v1)/73)] (Ad)
and
ap’ = op¥e/NolCoy” = Dpy,” + 2(AC — BD)|Vp|2
X (o1 °(1 = Ago/ o)/ vs = o2’ Tial)s (A4)
with

r;g =(y, + ')‘3)/(')‘173)- Toy = (v, + 73)/(7973)

and the Rabi frequencies
V, = ppE,/(2h),  Vp = pyuEp/(2h).
Furthermore,
A =Im[(Ay*a,, + {V,)/N],
B = Im{|V|*/N},
C = Im[([Vy]* = Ajg*A,*)/N?],
D = Im(IV|*/N7).

The asterisks indicate complex-conjugate values. The com-
plex frequencies depend on the molecular velocity v, the
relaxation rates v;;, and the frequencies wp, wp, and w;; ac-
cording to

Ay =8, + ko +ivy,
Agq = —Qp + ekpt' + ivys,
Ap=(—Qp+ kpv) + (Qp — ekpt) + iy,
with
p = Wp T “in
Qp = wp = wgy.
N is given by
N = Aphjdg® + AV I — ag* IVl
while we have
Ny=1+ 2/Vy/HCTy; — D(1 — Ag/v1)v3)
= 2{V,[HAT 3 — B(1 — Agp/vy)/ra)
— 4|V, AVHAAC — BD)[T3Tg5 = (1 = Aglvy)

X (1 = Agy/v )/ (vars)]
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The absorption cross sections are related to the transition
dipole moments by

= kolpialiechrys),  op= kplpysl*/(eghyas)-

Small-Signal Gain
The small-signal gain is obtained for |Vy! = 0. This leads to
a, = 0,057 (v)py, /(1 + P), (A5)
with
P=1/1"=2T;3V v,

and

Bif @) = {1+ (2, = ko)1 + P (A8)
where

o= ecE 22, 10 = hleeyp/lplTyy)

have been used.

Here 8,5P{v) is a power-broadened Lorentzian line shape.
The small-signal gain coefficient for the dimer laser is given
by Eq. {13).

The normalized line-shape functions E(v} and G(v) are
defined as

E(v) = Im{-Alg*'Yz'g/(Au*Azg, + lvpp)]; (A")
Gv) = 6,57 Im[A 3755/ (81,* g5 + IV 1) {A8)
Low-Pump-Power Limit

Fer low-pump intensities I, such that P <« 1, the Eqs. (A6)
and (AS) can be expanded in a power series in P. Retaining
only terms proportional to P gives the gain coefficients in the
small-signal, low-pump limit:

ap’ = opp;;"Po5(v), {AD}
ap’ = appyba(L)
— 0501, "(1 = Age/ v/ (%1 + Y Pora)ég(v)
= 0poy /(27 13T 1P Ty 557157/ (815* Agsd ™))
— apPa 113/ (2725 T1)P Im v, (410" Ap3853)). (A10)
In this limit, the line-shape functions é;;(v), with
Bya = (14 (R, — 0¥y 7
bgy = (1 + (Qp — ekp¥/v7) 7N,

are independent of P.
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