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Transversely diode-pumped alkali metal vapour laser

A.IL. Parkhomenko, A.M. Shalagin

Abstract. We have studied theoretically the operation of a trans-
versely diode-pumped alkali metal vapour laser. For the case of
high-intensity laser radiation, we have obtained an analytical solu-
tion to a complex system of differential equations describing the
laser. This solution allows one to exhaustively determine all the
energy characteristics of the laser and to find optimal parameters
of the working medium and pump radiation (temperature, buffer
gas pressure, and intensity and width of the pump spectrum).
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1. Introduction

Alkali metal vapour lasers pumped by laser diodes have been
intensively studied in the last decade (see, e.g., [1 —5] and ref-
erences therein). Interest in these lasers is due to the fact that
they are capable of generating continuous optical radiation
with a very high power (the concept of such lasers allows one
to consider the possibility of creating megawatt-power lasers
[6]), while having a high conversion efficiency of pump radia-
tion into laser radiation (50%), high energy output per unit
volume and high quality of the output beam.

An alkali metal vapour laser operates in accordance with
a three-level scheme (Fig. 1). Pump radiation is resonantly
absorbed on the transition from the ground 7S, state of an
alkali metal atom to the excited 1P, state (D, line; n = 2, 3,
4, 5, 6 for lithium, sodium, potassium, rubidium and caesium,
respectively). At a sufficiently high buffer-gas pressure (sev-
eral hundred Torr and higher), collisional transitions between
the fine-structure components n2P;, and n?P;, occur so
often that an equilibrium Boltzmann population distribution
can be established during the lifetime of these levels. In accor-
dance with this distribution the population of the 1P, level
is higher than that of the n2P;, level by the Boltzmann factor
exp[AE/(kgT)], where AE is the energy difference between the
n2Ps;, and n?Py;, levels, T is the temperature and kg is the
Boltzmann constant. If we now provide a high-enough pump
intensity to equalise the populations of the ground level and
the n2Py, level, the population of the n?P;,, level will be
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Figure 1. Diagram of energy levels and transitions in alkali metal at-
oms. The straight line shows the transition caused by pump radiation,
the wavy line corresponds to the laser transition and curved lines indi-
cate collisional transitions.

higher (by the same Boltzmann factor) than that of the ground
level. Thus, the population inversion is produced on the n 2Py,
— n?%S,, transition and lasing becomes possible at the fre-
quency of this transition.

Lasing by the mechanism described above was first
obtained in potassium [7] and sodium [8, 9] vapours in the
atmosphere of a helium buffer gas at a pressure of several
hundred Torr. Coherent radiation at the frequency of the
D,-line (*°P;, — %S, transition) was produced upon laser
pumping of the vapours into the D,-line. Atutov et al. [9] also
presented an adequate theoretical description of this effect.
Later in an experiment with sodium vapours, Konefal and
Ignaciuk [10] showed that the effect is substantially enhanced
when use is made of light hydrocarbons (methane, ethane or
ethylene) as a buffer gas (efficient generation of radiation
requires fast collisional mixing of the upper levels of alkali
metal atoms, which is ensured in using molecular buffer
gases). Ethane served as a buffer gas in an experiment [11]
with a new object, namely, rubidium.

In the above-described experiments with alkali metal
vapours, pumping was performed by laser radiation. In this
regard, the practical application of the effect was doomed
from the start: laser radiation was converted into radiation
with a frequency slightly shifted to the red. The situation rad-
ically changed after W.F. Krupke [12] in 2003 put forward a
fruitful idea of creating cw alkali metal vapour lasers pumped
by laser diodes into the D,-line. This idea initiated many stud-
ies devoted to alkali metal vapour lasers and encouraging
results were soon obtained for diode-pumped lasers. For a
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diode-pumped caesium vapour laser operating in cw mode,
an output power of 1 kW was reached at a ‘light-to-light’
energy conversion efficiency of 48 % [4].

Obtaining much higher output powers requires scaling of
the process. In our view, transverse pumping geometry is
optimal for scaling. In this geometry, the power of generated
radiation increases in proportion to the length of the active
medium. The idea of a transversely diode-pumped alkali
metal vapour laser was patented [13] and first implemented in
[14]. The theoretical model of this laser was proposed in [15].
Operation of the laser was described in [15] by a rather com-
plex system of differential equations, which was solved
numerically in the approximation of the effective absorption
cross section of pump radiation. Yang et al. [16] developed a
somewhat different (than in [15]) numerical model of the
laser. The differential equations in [16] were solved numeri-
cally under the assumption that the populations of the levels
of the active medium atoms do not depend on the coordinate
along the resonator axis, i.e., they are constant along the
propagation direction of generated laser radiation.

In this paper, operation of a transversely diode-pumped
alkali metal vapour laser is considered theoretically using the
same equation as in [15]. For a practically important case of
sufficiently high laser intensity, an analytical solution of the
problem is obtained, which allows one to exhaustively deter-
mine all the energy characteristics of the laser and to find
optimal parameters of the working medium and pump radia-
tion required for the most effective operation of the laser. The
same method for obtaining analytical solutions was used in
our recent paper [17] to calculate a laser amplifier. The case of
an actual laser (master oscillator) has its own specifics and
therefore requires special consideration.

2. Initial equations simulating the laser
operation

Consider the operation of a transversely diode-pumped alkali
metal vapour laser whose scheme is shown in Fig. 2. To sim-
plify the analysis, we assumed that a cell containing alkali
metal vapours and buffer gases has the form of a rectangular
parallelepiped with edges z, (length), y, (width) and x, (height).
Pump laser diodes are arranged on one side of the cell. Their
radiation enters the cell in the xz plane and propagates in the
y direction. For a more efficient utilisation of the pump
energy, a plane mirror is mounted on the other side of the cell,
which reflects radiation transmitted through it back into the
cell (the reflection coefficient of the mirror, R;). The resona-
tor consists of two plane mirrors with the reflection coeffi-
cients Ry and R;. Laser radiation is coupled out from the cell
in the xy plane through a semitransparent mirror with the
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Figure 2. Scheme of a transversely diode-pumped alkali metal vapour
laser.

reflection coefficient Ry and propagates in the direction of the
z axis. For simplicity, we assume that the intensities of pump
radiation and, as a result, of laser radiation are uniform along
the cell height (along the x axis).

The change in the populations of the levels of the active
medium atoms, absorption of pump radiation and amplifica-
tion of laser radiation are described by the equations (the
energy level diagram of the active medium atoms is shown in
Fig. 1):

% =—(As1+ Vi + V) N3(p,z,1) + vz Na (3, 2, 1)

(020 N 2,0) = SN2,

W =—(Aa + Va1 +v23) N2(3,2,1) + va N3(, 2, 1)
(20| N2, = BN (0,20 (1)

N(p,z,t) + No(p,z,t) + N3(y,z,t) = N,

alzp(yazsws[) — IS +
T =+ Nl(yazat) - gN?)(yaZ’t) ap(w)lwp(y9zaw5t)’

+
W :$|:N](yazs t) - %NZ(.V’Z: t)]olas(wlas)ll%is(yazs t)'

Here, N (y,z,1), No(y,z,t) and N5(y, z, t) are the populations of
levels 1, 2 and 3; NV is the total concentration of active atoms;
Az and A, are the rates of spontaneous emission (the first
Einstein coefficients) for the transitions 3—1 and 2—-1; colli-
sion frequencies vs;, and v,; describe collisional mixing
between levels 3 and 2; collision frequencies v3; and v,
describe collisional quenching of levels 2 and 3; g, g, and g3
are the statistical weights of levels 1, 2 and 3 (for alkali metal
atoms, g, =2, g, =2, g3=4); wp(y,z,1) and wy,y(y,z, 1) are the
probabilities of induced transitions caused by pump radiation
and laser radiation, respectively; /5,,(y, z,@, ) and I (v, z, @, 1)
are the spectral densities of pump radiation at frequency w,
propagating along the y axis and in the opposite direction
(after reflection from the mirror), respectively; I (v, z, 1) and
I, (y,z, 1) are the intensities of laser radiation propagating
along the z axis and in the opposite direction, respectively;
ap(w) is the absorption cross section of pump radiation; and
O1as(@1,) 18 the absorption cross section of laser radiation at
frequency wy,s. Equations (1) are supplemented by the bound-
ary conditions, which describe changes in the intensity of
radiations on the surface of the mirrors in the course of reflec-
tion:

I;p(oszawat) = Ipr(ZsCU,[),
I;p(y()azswst) = Rplzp(y()szawat)’
Lis(,0,0) = Riligo(3,0,), @

Il;ls(yaz(b t) = ROIIZS(J;’ZOa t)
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where w, is the frequency of the centre of the pump radiation
line;

pr(y’zawat) = Izp(yazaw’t) + Iap(yizawat);
N B “4)
[las(yszat) = I]as(y)Z’ [) + [lﬂs(yazsl);

I,p(y,z,w,1) is the total spectral density of pump radiation
inside the cell; and Ij,4(y, z, ?) is the total intensity of laser radi-
ation inside the cell. The absorption cross sections of pump
radiation and laser radiation are found from the formulas:

o,(w) = gl%An Ty
' g 4 F]23+(w—a)31)2’
(5)
z'2asA I,
Ulas(wlas) = & ok 1

& 4m Flzas + (a)las - w21)2

where 4, and 4, are the wavelengths of pump radiation (in
the centre of the line) and laser radiation; w3, and w,; are the
frequencies of the transitions 3—1 and 2—1; I}, = 43,/2 + y3
and I, = A,1/2 + y,; are the homogeneous half-width of the
lines of the transitions 3—1 and 2— 1, respectively; and y3; and
y,1 are the collision half-widths of the transitions 3—1 and
2-1.

Collision frequencies v3, and vy3, due to the principle of
detailed balance, are related by the expressions

-8 — exp[-AE
v = vt £z exp(~ ) ©)
where AE = hws, 1s the energy difference between levels 3 and
2. This relationship is crucial for the emergence of lasing on
the 2—1 transition.

3. Steady-state conditions

The complex system of differential equations (1) is greatly
simplified in the most interesting case, when the intensities of
pump radiation and laser radiation are not time dependent
(steady-state conditions). Under steady-state conditions, the
first three equations in (1) are algebraic and make it easy to
find populations of the levels:

N v ]
Na(y,2) —N[V32+(1 +a)ly v+ 215
%p%lasab !
+ 1-{—726{ (l + %p + Hjas + b%p%]as) ’
) MlasV23
Ni(y,z) =N
3(0,2) v+ (1+a)l5 vy + 213

and the population differences characterising laser generation
and absorption of the pump:

an, — 1

N>(y,z) — Ni(y,z) = N ,
2(3,2) 1(r,2) 1+ 2y + 2ias + Doty iy

®)
1+ qas

1+ 2y + 10 + DtpHias

Ni(y,2) —aNs(y.z) = N

where

"= vo—aly  I3—avy,
V32+(1 +a)F2’ q V23+2B,

b= (1 + 2a)(A2v3 + A3 ) . )
(v +20) v+ 1+ o)’

Aoy = Aoy +vai; Ay = Az +va; Dy = Ao+ vas; Iy = Ay + v

a = g1/g; 1s the ratio of the statistical weights of levels 1 and 3
(for alkali metal atoms, a = 1/2); As; and A, are the transi-
tion frequencies from levels 3 and 2 during spontaneous emis-
sion and collisional quenching; and I'; and I; are the total
transition frequencies from levels 3 and 2 during spontaneous
emission and collisions. The quantities s, = »,(y,z) and s, =
Has(V, 2), defined as

~wp(,2) _ Wias(1,2)

%P - ﬁ s Has = ﬁ] El
P as

_ 1:121\/32 + 1:131F2
V3 + (1 + OC)FZ’

(10)
_ Aoy + Ay

ﬁp ﬁlas = Vs + 215
denote saturation, because each of them characterises the
degree of equalization of the populations on the 3—1 or 2—1

transition in the absence of the second field.
In view of (8), differential equations in (1) take the form:

alip(yazaw) _i(l + qulas)Nap(w)Iui)p(y,Zaw)

oy 1 4 2 4 2t1as + brtyrias
(11
Olias(v.2) _, (@ = 1) Nowas(@1as) lias (v, )
0z T Ly s + Dt

As follows from the equations for I in (11), lasing occurs
when the condition ax, > 1 is fulfilled. In order to ensure
efficient generation (ax, >> 1), one must meet the conditions

Va3, V3p > Ajy, Ao,

(12)
n, > l=1+3§

p a l_é’
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[here, we have used equation (6) with g3 =4 and g, = 2]. The
first condition in (12) is met with a large margin at a suffi-
ciently high pressure of the buffer gas (~1 atm or higher). The
second condition at a power density of about 1 kW cm™, pro-
vided by diode pumping, is also virtually fulfilled. Under the
conditions of (12), the pump generates extremely high popu-
lation inversion on the laser transition.

The wider is the pump spectrum at a constant intensity,
the more difficult is to ensure the fulfilment of the second con-
dition in (12). In the existing laser diodes the width of the
spectrum is several inverse centimetres. The optimum is
reached if the width of the spectrum is reduced by approxi-
mately one order.

Despite simplification (steady-state conditions), the sys-
tem of differential equations (11) is rather cumbersome and
can be solved only by numerical methods. However, without
solving them, one can obtain a practically important relation
between the integral characteristics of the radiations.

Let us show how this relation is derived directly from
equations (11). We form the difference between the second
(for I,,,) and first (for I;,) equations in (11) and integrate it
over frequency w. Taking into account formulas (3) and (10)
for w, and #,, we obtain

615()/, z) _ 51;(%2) _ thpﬂp%p(l + @r1a)
oy oy 1+ 2 + 10 + brpitias

(13)
where

I5(y,2) = L Ip(y,z,0)dw (14)

are the total intensities of pump radiation propagating along
the y axis (the superscript ‘+’) and in the opposite direction
(after the reflection from the mirror, the superscript ‘-’). By
integrating formally equation (13) over the cell volume (in x,
v, z), we find for the absorbed power of pump radiation

0

Pivs = XOJ(; [75(0,2) = 15 (v0.2) + Iy (¥0,2) — I (0,2)]dz  (15)

the expression

ZOdZ Nhw, B2, (1 + gotias)
0 1+ %y + Hias + DrpAias

Yo

Pps = XO‘L dy (16)
By integrating formally the difference between the third (for
I;s) and fourth (for Ir,) equations in (11) over the cell volume
with formulas (3) and (10) taken into account for wy,, and s,
we obtain for the power of laser radiation coupled out from
the resonator (through both mirrors with reflection coeffi-
cients Ry and R;)

Yo
Pout = xOJ(; [Igs(y,Z()) - 11745()/,20) + 11;5()”0) - Iltls(yao)]dy

Yo
= XOJ(-) [(1 = Ro) I 13s(,20) + (1 = R) T15(3, 0)]dy (17)
the expression
Yo 0 th]asﬂlas%las(a%p - 1)
P = d d 18
' xofo yfo : 1 4 2, 4 21 + brtprtias (18)

[in (17) in obtaining the last equality we take into account
boundary conditions (2)]. Then, we take into consideration
the fact that the total energy losses of the pump on spontane-

ous emission and collisional quenching are given by a fairly
obvious expression:

0 Yo ~ ~
Bow = Fiopxo fo dz fo [N>(3.2) Aoy + Ns(y.2) As]dy.  (19)

From (16), (18) and (19) with formulas (7) taken into account
for the population levels, we obtain the expression

Wias

P = —
out o,

(des - Ploss)a (20)
relating the laser power P, coupled out from the resonator
(through both mirrors) with the absorbed pump power P,
and pump energy losses P),, due to spontaneous emission
and collisional quenching. The ratio of the radiation frequen-
cies wy,/w, characterises the quantum conversion efficiency
of pump radiation into laser radiation. For alkali metal
vapours it is close to unity (0.95 for caesium, 0.98 for rubid-
ium and 0.995 for potassium), which is a key factor for obtain-
ing a high efficiency of alkali metal vapour lasers. The conver-
sion efficiency of absorbed pump radiation into laser radia-
tion P, /P, the higher, the smaller the pump energy loss
Py, compared to the absorbed pump power Pyy.

4. High intensity of laser radiation

The system of differential equations (11) can be solved only
numerically. However, if the conditions

Hias > 1+ 005 + by, g 20
are met, equations (11) are greatly simplified and can be
solved analytically. The first condition in (21) can only be ful-
filled at a sufficiently high laser intensity (3,5 >> 1 + ;) and
a sufficiently high pressure of the buffer gas, so as to ensure
the fulfilment of the relation b, << 1 due to the smallness of
the coefficient b. At a sufficiently high buffer gas pressure
[when the first condition in (12) is met], the coefficient b is
determined by the formula

_ Ay + 2?3;131
var (1 +&)(1 +3%)

(22)

and is always small: » << 1. The second condition in (21)
(10 => 1/q) is weaker than the first one, because the value of
the parameter 1/¢ is several units (for example, for rubidium
atoms l/g ~ 95).

If conditions (21) are fulfilled, differential equations (11)
take the form:

oI: (y,z,w
L) :$qNoP(w)I$p(yazaw)a

0
4 (23)
[Jis 5 I%"S ’
M = i[a%p(y9z) - l]ﬂlashwlasN T 1 (y Z_) s
GZ I]as(ysz) +11aS(ySZ)

where the saturation parameter »x, is given by the expression

1
Bphw,,

#022) = o — [ (@) p (0. 20)do. (24)

In formulas (23) and (24) in accordance with the first condi-
tion in (12) we must assume
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= N = . I'ls = — 1 élsh asN . 31
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Aoy + 264, Aoy + 2645, The intensity I{:'(y) of laser radiation coupled out from
Pras = , Pp = - the resonator through the semitransparent mirror with the
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The solution of the first two equations in (23) with bound-
ary conditions (2) taken into account is simple and has the
form

L3p(3,2,0) = lhop(z,0)exp[—gNoy(w) ],
(26)
1;p(yaz’w) = RpIpr(Z,w)exp[_qNap(w)(2y0 - y)] .

According to (26), the spectral density of pump radiation
passing through the medium of the cell decreases exponen-
tially. This circumstance is due to the fact that under condi-
tions (21) the difference between the populations of the levels
N — a N3, characterising pump absorption, is independent of
the intensity of pump radiation and generated laser radiation:
N, 1= aN: 3= qN .

For simplicity, we assume below that the pump intensity is
uniform in the plane of its entry into the cell, i.e., Iy, is inde-
pendent of the coordinates:

[pr(zaw) = IOcup(w)~ (27)
In this case, the saturation parameter x, = %,(y) does not
depend on the coordinate z, and by solving the last two equa-
tions in (23) for the laser radiation intensities I, inside the
cell with boundary conditions (2) taken into account, we
obtain the expression

Ias ) z
15002 = 9 4 [y (0) ~ st Y

L U-RWER
(VR +VR)(1 = VRoR)|

X|z

(28)

where 7;,4(y, z) is the total intensity of laser radiation inside the
cell, which is determined by the formula

Ilas(yaz) = Il-;s(y’z) + Il;s(y,z) = [a%p(y) - l]ﬂlashwlasN

S5 V.
(VR + VR (1~ V)
+2d Rl [ (9)
(VR + VR) (1 = VR R’

If the reflection coefficients R; and R, of the mirrors are close
to unity, then, according to (29), the laser radiation intensity
I, inside the cell is almost constant along the z axis. When R,
=1, from (29) we have

> 4Ry

22+Z _,
"(1-Ry)?

Ilas(yaz) = [a%p(y) - 1]ﬁlashwlasN (30)

Equation (30) shows that at Ry = 0.5 the intensity 7, along
the z axis varies only slightly (by less than 6% at R, = 0.5),
and we can assume

reflection coefficient Ry is given by the expression

I () = (1 = Ro) i (3, 20) - (32)
Hence, in view of formulas (28) and (29), we find that the
intensity of the laser output:

(1= R)VRy
(VRy+vVR))(1-v/RyRy)

It is evident that under conditions (21) and (27) the laser radi-
ation intensity is directly proportional to the cell length z,.
The dependence of the radiation intensity on the coordinate y
is determined by a complex function x,(y). Lasing occurs
when the condition ax,(y) > 1 is met.

Similarly, we find the intensity of laser radiation coupled
out through the rear mirror of the resonator:

I (y)= [ar,(¥)—11Brashwrs Nzo. (33)

IR () = (1 = R) 1o (1,0)

_ (U-RWER
(VRo + VR)(1 =V RyRy)

[axy(y) = 11Brashoras Nzo. (34)

The total intensity /() of the laser output coupled out from
the resonator through both mirrors is independent of R, and
R; according to expression (20):

Lou(y) = IR () + T8 () = [axp(y) = 1BushwisNzo. (35)

In the particular case (R; = 1) laser radiation is coupled out
from the resonator in one direction (/{2 = I,,,) and its inten-

sity 792 (33) is independent of R,,.

5. Analysis of lasing characteristics of the laser

For further particularisation of calculations by formulas (26)
and (33) it is needed to specify the spectral radiation density
Iy,,p(w) of pump diodes at the cell input. We assume that at
the input to the cell the pump spectrum has a Gaussian shape:

Iy, [ (w—a)p
<nl—
Viro P\ Aw

2 oo
[pr(w) = ) ]a [Op = J;) Ipr(w)dw’ (36)

where Iy, is the intensity of pump radiation at the cell input;
and Aw is the line half-width (at the 1/e level) of pump radia-
tion.

From (26) with (36) taken into account, for the total spec-
tral density /,,(y,w) of pump radiation inside the cell we
obtain the expression

le”(ysw) = I:Lrlp(y’w) + I;P(ysw)

Iop

VT Aw

{exp[—g(w,y)] + Rpexp[—g(w,2yo — y)]},
(37

w —(l)p 2
g(@,y) =< Ao ) +qo,(0) Ny.

Hence we find the total intensity of the pump inside the cell:
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I(y) =Ty (») + I, () = T [ i) + Ry /i(2y0 = )],

(38)
1
VT Aw

F0) = = [ expl-g(@.p)do.

The saturation parameters under these conditions are given
by the expressions:

%las(yaz) = %Ilas(.}}’z)a
op(w31)
1%(y) = ﬁTwIOP[fZ(y) + Ry 5(2y0 — )], (39)
pN@Wp
o1 @ exp[—g(w.y)]
/2(y>—ﬁAwf_ml+[(w_w31)/Fp]2 :

where the coefficients f,; and 8, are defined in (25).

For pump power losses caused by spontaneous emission
and collisional quenching, from expression (19) with condi-
tions (21) fulfilled we find the relation

Pross = NVhwpﬁlas> (40)
where V' = xgyoz¢ is the volume of the cell with the active
medium. For the absorbed pump power from expression (15)
with (38) taken into account we obtain the relation

Fus = Pop {1 = i) + Ro[ i(v0) = i(200)]} (41)
where Py, = x¢zolop, is the pump power at the cell input. From
formula (20) and using (40) and (41) we find the expression
for the ratio of the laser radiation power coupled out from the
resonator (through both mirrors) to the pump power:

Pout _ Wias

=~ U=/ + Rp[ /i(yo) = A(200)]} —

By Oy

Ny() hwlasﬁlas
Iop

(42)

From this expression, in view of formulas (33) and (35), we
derive the expression for the ratio of the laser radiation power
P22 coupled out from the resonator through the semitrans-
parent mirror to the pump power Py

Plzlslt — (1 _RO)‘/E Pout
Po (VR +VR)(1 —VRoRy) Fop

(43)

Here we note the following important fact. The right-hand
side of (42) contains the concentration N of active particles
and the cell width y, only in the form Ny,. This means that the
change in the cell under the condition Ny, = const does not
affect the quantities P,y /Py, and P/ Py,

In the case of sufficiently small half-width of the emission
line of the pump (Aw/I, < 1, i.e. the pump is close to mono-
chromatic) the function f;(y) and f5(y) in the above formulas
can be easily calculated and have the form

exp[—7()]
1+ [(wp — w3/ T]*

S(y) = expl—t(»)]. L) =

(44)
T(y) = qap(wp)Ny~

The dimensionless quantity z(y) is defined as the optical thick-
ness measured along the path of the pump beam for mono-
chromatic radiation with frequency w,. The conversion effi-
ciency of pump radiation into laser radiation Ppg'/P, (43)
has a maximum at some value of the parameter Ny,, which is

equal to (Nyo)max- We find the value (Nyg)max by substituting

/1(y) from (44) into (42):
1 qap(wp)IOP ifR =0
— J 49 (wp) hwpﬁlas ’ P ’
N max 45
(Nyo) 1 2q0,(w,) Iy I (45)
2qap (wp) hwpﬁlas ’ P '

The pump power loss during laser operation results both
from losses on the spontaneous emission and collisional
quenching Py, (40) and from unabsorbed pump power
Punavs = Pop— P = Pop L00) = Ryl A0 — i 2001} (46)
At Nyy = (Nyo)max relative total pump energy losses (Pypaps +
Pioss)/ Py, are minimal and the value of P!/ Py, is maximal.

We will now calculate the energy characteristics of the
laser by the above formulas. Let the active medium in the
laser cell be rubidium atoms and the buffer gas be a mixture
of helium and methane. Methane is typically used for efficient
collisional mixing between the excited levels 3 and 2 in alkali
metal atoms [1]. Helium is added to increase the collisional
broadening of the D, line in order to make more efficient the
use of broadband emission of diode pumping [1].

Let us set the initial parameters required for calculating
the laser operation. For rubidium atoms, according to the
NIST database [18], the rates of radiative transitions are A,;
=3.6x107s"and 45, =3.8x107s7!, the transition wavelength
are 1,; = 794.8 nm and A5; = 780.0 nm and the energy differ-
ence AE of levels 3 and 2 is 237.6 cm™!. Collisional broaden-
ings vy for Dy and D, lines of rubidium atoms in a helium
buffer gas are virtually the same and equal to 9.2 MHz Torr™!
[19]. For rubidium atoms in a methane buffer gas, collisional
broadenings are as follows [20]: ycp,p,) = 14.55 MHz Torr™!
for the D, line and ycy,p,) = 13.1 MHz Torr™! for the D, line.

To determine the collision frequency v3,, we used the fol-
lowing cross sections of collisional transitions between the
fine components of the excited states of rubidium atoms:
O32He) = 0.103x107'% cm? for rubidium atoms in helium [21]
and o3 cp,) = 42x107'¢ cm? for rubidium atoms in methane
[22]. Because of the small cross section 03yyye), molecular gas
is added to the buffer mixture.

For the cross section 03y, and 03y(cn,) of collisional
quenching of the excited levels 3 and 2 of rubidium atoms in
their interactions with methane, Zameroski et al. [23] experi-
mentally obtained values not exceeding 1.9x10°'® cm?. In cal-
culating collision frequencies v3; and v,; we assumed that
O31cHy = Oarcy = 1.9x107% ecm? For rubidium atoms in
helium, collisional quenching cross sections are extremely
small [031 (1), O21(1e) < 3% 1072° cm? [24]), and thus quenching
due to interaction with helium can be neglected.

We assumed below in calculations that the frequency of
the centre of the pump line and the laser radiation frequency
coincide with the frequencies of the 3—1 and 2—1 transitions:
W, = W3], W5 = 07;. The pressure of the methane buffer gas
Pcn, is fixed at 0.5 atm. The cell design should be such that the
vapours of alkali metal enter the cell through the side
branches. Therefore, we assume that the concentration N of
the active particles inside the cell is given by the temperature
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of side branches containing an alkali metal, and is not related
with temperature 7 of the gas mixture inside the cell.

Figure 3 shows the results of calculations [using formulas
(42) and (43)] of the ratio of the laser power to the pump
power Pf;ﬁ‘/Pop (this value characterises the efficiency of con-
version of pump radiation into laser radiation) versus the
helium buffer gas pressure py, at different half-widths Aw of
the pump radiation lines. We assumed that at the cell input
the pump intensity /o, = 1 kW cm™. In calculating each curve
in Fig. 3 we set such a value of Ny, at which the maximum of
Pf;‘;‘/Pop as a function of pressure has the highest value (here-
inafter this value Ny, is called optimal). Condition (21) of
applicability of formulas (42) and (43) with the parameters
corresponding to Fig. 3 is satisfied if the cell is sufficiently
long (if zy >> y,) and the reflection coefficient R, of the output
mirror is not too small. Thus, for the parameters correspond-
ing to Fig. 3 and Ry = 0.5 and z, = 10y, the relations x;,4(1 +
sy + b)) ~ 10, gryes 2 25 hold true throughout the cell
volume. It can be seen that the ratio P1°a“s‘/P0p nonmonotoni-
cally depends on py. and reaches its maximum at a certain
pressure of helium which increases with increasing linewidth
of pump radiation. The smaller the width of the emission line
of the pump, the greater the ratio P/ P,

PPy,

0.8

0 2 4 6 8 10
Prelatm

Figure 3. Ratio of the laser output power to the pump power as a func-
tion of helium buffer gas pressure at optimal values of the parameters
Nyo: oy = 1 kW em™, peg, = 0.5 atm, R, = 1, R, = 1, T=395K, w, =
W31, W = 0a1; (1) Aw = 0.5 em™, Ny, = 2.34x108 ecm™, (2) Aw =
I em™, Nyy=3.30x10"% ecm™2, (3) Aw = 2 ecm™!, Ny, = 4.20x10"% cm2,
and (4) Aw =3 cm™!, Ny, =4.53x10"3 cm™.

At a sufficiently small half-width of the emission line of
the pump (Aw = 0.5 cm™), the efficiency of its conversion into
laser radiation P{y'/Py, reaches a very large value of 0.76
[curve (1) in Fig. 3]. The efficiency decreases with increasing
half-width of the emission line of the pump: at Aw = 3 cm™!
the maximum of the ratio PRs'/Py, is 0.37 [curve (4) in Fig. 3].

The effect of the parameter Ny, on the ratio of the laser
power to the pump power is shown in Fig. 4. When the
parameter Ny, changes twice with respect to the optimal
value [curve (/) in Fig. 4 corresponds to it] in the direction of
its decrease [curve (2)] or increase [curve (3)], the laser effi-
ciency is markedly reduced.

Figure 5 shows the effect of the pump intensity /y, on the
efficiency of its conversion into laser radiation PRy'/Py, at a

Pias/Pop

0 2 4 6 8 10
Phe/atm

Figure 4. Effect of the parameter Ny, on the ratio of the laser output
power to the pump power; Ip, = 1 kW cm™, Ao =2 cem™!, peyy, = 0.5 atm,
R,=1,R=1,T=395K, w]p = W31, Wigs = 0213 (1) Nyy=4.20x10'3,(2)
2.10x103 and (3) 8.40x 10" cm™2.

sufficiently large half-width of the emission line of the pump
(Aw = 3 cm™) and at optimal values of Ny,. The efficiency
increases with increasing pump intensity: at Iy, = 4 kW cm™?
the maximum of the ratio Pf;'/P,, reaches a very large value
of 0.69 [curve (4) in Fig. 5], while at Iy, = 1 kW cm2itis 0.37
[curve (1) in Fig. 5].

Pl Poy

0 5 10 15
Pue/atm

Figure 5. Effect of the pump intensity on the ratio of the laser output
power to the pump power at optimum values of Nyy; Aw =3 cm™, pcy 4
=05atm, R, =1, Ry =1, T=395 K, o, = 031, 0y = 0315 (1) Ipp =
1 kW em™, Ny, = 4.53x10" cm™, (2) I, = 2 kW ecm™?, Ny, =
7.63x101% cm2, (3) Iop =3kW cm2, Ny, =9.88x10"3 cm=2 and (4) Iop
=4kWcem?2, Ny, =11.5x103 cm™.

Note the following important fact. Numerical analysis
shows that at optimal values of the parameter Ny, the maxi-
mum of the ratio Pl‘;ﬁt/POp as a function of the helium buffer
gas pressure py. is determined by the parameter Iy,/Aw
(Fig. 6). In other words, the conversion efficiency of pump
radiation into laser radiation is determined by the spectral

density of pump radiation /;,/Aw. For example, the spectral
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; PPy,

pue/atm

Figure 6. Ratio of the laser output power to the pump power as a func-
tion of helium buffer gas pressure at optimal values of the parameters
Ny, and constant spectral density of pump radiation Iy,/Aw; pcy .=
0.5atm, R, =1, Ry =1, T =395 K, 0, = w3}, 0, = 035 (1) Iy, =
0.5kWem2, Aw = 0.5cm™, Nyy=1.65x108 em™, (2) Iy, = 1 kW em™2,
Aw =1cem™, Ny, =3.30x10" em2, (3) Iy, =2 kW em™, Aw =2 em™,
Nyo = 6.58x10" em™?, (4) Ip, = 3 kW em™2, Aw = 3 em™!, Ny, =
9.88x10"* ¢cm™ and (5) I, = 4 kW em™, Aw = 4 cm™!, Ny, =
13.2x108 cm™.

density of pump radiation is the same for all the curves in
Fig. 6 (Iop/Aw =1 kW cm™); therefore, the maximum of the
ratio Ppg'/ Py, for them is the same and equal to 0.64.

The smaller the relative total power loss of pump radia-
tion (Pypabs + Pioss) Pop, the higher the conversion efficiency of
pump radiation into laser radiation Pp'/Py,. Figure 7 shows
the results of calculations of the PRs'/Pyy, Pioss/ Pop and P! Py,
values as functions of pressure of the helium buffer gas. One
can see from Figs 7a and 7b that at optimal values of Ny, and
constant spectral density of pump radiation (/pp/Aw» = const),
the relative loss of the pump power due to spontaneous emis-
sion and collisional quenching Piq/Pop [Pross/ Pop = 0.21 for
curve (3)] remains unchanged. Moreover, under the buffer
gas pressure at which the conversion efficiency of pump radi-
ation into laser radiation Pﬁfs“/Pop is maximal, unchanged are
the unabsorbed portions of the pump power Pyaps/Pop
[Punavs/ Pop = 0.14 at pressures py. = 0.7 and 10.6 atm for
curves (2) in Figs 7a and 7b, respectively]. If the parameter
Ny, is smaller than its optimal value, the main loss of the
pump power is due to the unabsorbed portion of the radiation
power (Fig. 7b). If the parameter Ny, is greater than its opti-
mal value, the basic loss of the pump power is due to sponta-
neous emission and collisional quenching (Fig. 7d).

Figure 8 shows the intensity profiles of laser radiation
IS (»)I5'(0) and pump radiation 7,(y)/1,(0) as functions of
the coordinate y. It is seen that the laser radiation intensity
decreases faster with increasing y than the pump intensity.
Curves (3) and (4) are calculated for such values of the
parameter Ny, and pressure py., at which the conversion effi-
ciency of pump radiation into laser radiation P{'/Py, has a
maximum value [the calculated parameters for curves (3) and
(4) coincide with the calculated parameters for curve (4) in
Fig. 6 at a maximum of PR{'/Py, = 0.64 at py. = 7.75 atm].
Numerical analysis shows that at the optimal values of the
parameter Ny, and pressure py., the intensity profiles of laser
radiation and pump radiation are determined by the param-

eter Iy,/Aw. For example, the spectral density of pump radia-
tion is the same for all the curves in Fig. 6 ([op/Aw =
1 kW cm™), and therefore at optimal values of the parameter
Ny, and pressure py, (at the maxima of the curves in Fig. 6)
the intensity profiles of laser radiation and pump radiation
are described by curves (3) and (4) in Fig. 8. If the parameter
Ny less than its optimal value, the pump is weakly absorbed
[curve (7)in Fig. 8], and therefore the conversion efficiency of
pump radiation into laser radiation Pg'/Py, decreases. If the
parameter Ny, is larger than its optimal value, the pump is
excessively absorbed [curve (5) in Fig. 8] such that lasing does
not occurs in the entire volume of the cell [curve (6) in Fig. §],
and moreover the loss of the pump power due to spontaneous
emission and collisional quenching increases, which reduces
the efficiency of pump—laser radiation conversion.

Let us compare the results of calculations of energy char-
acteristics of the laser, obtained numerically in [16], with the
results of our calculations by analytical formulas. In consider-
ing the possibility of creating a megawatt laser, Yang et al.
[16] used the following parameters of the working medium
and pump radiation: 7 = 380 K, N = 9.34x10'2 cm?3, z, =
50 em, xy = yo = 5.5 em, py, = 2.5 atm, pcy, = 400 Torr, Iy, =
3.7kWem™, Aw =2 cem™, 0, = w3y, R, =0.99, R =0.99, and
Ry = 0.3. Using these parameters and taking into account
additional intracavity radiation losses (5%—7%), Yang et al.
[16] obtained the conversion efficiency of pump radiation into
laser radiation Pl‘;‘s“/Pop = (0.61 and the ratio of the absorbed
pump power to total pump power Py, /Py, = 0.725. The cor-
responding calculations by our analytical formulas at the
same parameters of the working medium and pump radiation
yield PRy'/Py, = 0.68 and P,/ Py, = 0.78. Using our analytical
formulas we obtained somewhat overestimated values, but
the agreement with the numerical calculations [16] can be
considered quite satisfactory, bearing in mind the fact that in
our case radiation losses taken into account in [16] were not
considered.

Transversely diode-pumped alkali metal vapour lasers are
capable of generating high-power cw radiation. Let us find
the average specific power output per unit volume of the

out

active medium Pj'/V using the relation

PR Pis dop
=l P 4
VT Py 2o “7)

Let the active medium in the laser cell be rubidium atoms and
the buffer gas be a mixture of helium and methane. In this
case, the radiation of pump diodes at the cell input has the
following characteristics: intensity, I, = 3 kW cm™2; half-
width of the emission line, Aw = 3 cm‘F; and frequency of the
centre of the emission line of the pump coincides with the fre-
quency of the D, transition in rubidium atoms, i.e., w, = 3.
The pressure of the methane buffer gas is assumed to be equal
to pcy, = 0.5 atm; the temperature of the gas mixture inside
the cell is 7= 395 K; and the reflection coefficients of the mir-
ror for pump radiation and the rear cavity mirrors for laser
radiation are R, = 1 and R; = 1, respectively. Under these
conditions, the conversion efficiency of pump radiation into
laser radiation has a maximum value P&‘;‘/Pop = (0.64 at an
optimal parameter Ny, =9.88x10'3 cm~2 and a helium buffer
gas pressure py. = 7.75 [see curve (4) in Fig. 6 or curve (3) in
Fig. 5). The width of the cell y, can be easily found by the
value of the parameter Ny,. Let the concentration N of rubid-
ium atoms inside the cell be defined by the temperature 7' =
395 K. At this temperature, N = 1.85x10'3 cm~ [25] and the
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Figure 7. Ratio of the laser output power to the pump power P&?/Pop(l ) as well as the relative loss of the pump power due to spontaneous emission
and collisional quenching Pju/Pyy, (3) and due to unabsorbed pump power Pyy,us/Pop, (2) as functions of helium buffer gas pressure. In Figs 7a and
7b the calculation parameters are the same as for curves (/) and (5), respectively, in Fig. 6 (the optimal value of the parameter Ny,, at which the
maximum of Pﬁ,T/POp has the highest value). In Figs 7c and 7d the parameter Ny, is respectively twice less and twice higher than its optimal value

at all other parameters that are the same as for curve (5) in Fig. 6.

15" )/15'(0), () 1,(0)

0 0.2 0.4 0.6 08 iy

Figure 8. Intensity profiles of the laser output Iia (W/I9e'(0) (2, 4, 6)
and the pump I,(y)/1,(0) (1, 3, 5) as functions of coordinate y; I, =
3kWem™, Aw =3 em™, pye =7.75 atm, pcy, =0.5atm, R, =1, R; =1,
T=395 K, 0, = 03], 01, = 031; (1, 2) Nyy = 5.0x 1013, (3, 4) 9.88x 1013
and (5, 6)3.0x10% cm2.

optimal value of the parameter Ny, = 9.88x10'% cm™ is

reached at the cell width yy = 5.34 cm. For the above param-
eters of the working medium and pump radiation we find
from formula (47) that the average specific laser power output

out

per unit volume of the active medium is P22"/V =360 W cm.

6. Conclusions

Thus, we have studied theoretically a transversely diode-
pump alkali metal vapour laser. The laser operation is
described by a complex system of differential equations,
which can be generally solved only numerically.

At a sufficiently high intensity of laser radiation the sys-
tem of differential equations is greatly simplified and allows
an analytic solution that makes it possible to exhaustively
determine any energy characteristics of the laser. The conver-
sion efficiency of pump radiation into laser radiation P/ Py,
is described by the analytical formula, in which the concentra-
tion N of active particles and the cell width y are presented in
the form Ny, only. This means that, provided Ny, = const, the
change in the cell width does not affect the Pfs'/Py, quantity.
The maximum of P/ Py, as a function of the buffer gas pres-
sure has the highest value at some optimal value of the param-
eter Ny,. It is important to note that at optimal values of Ny,
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the maximum of the ratio the Pf;‘i‘/Pop is determined by the
spectral density of pump radiation /y,/Aw.

We have derived analytical formulas for the laser and
pump radiation intensities I§s'(y) and I,(y) as functions the
coordinate y. With increasing y the laser radiation intensity
decreases faster than the intensity of pump radiation. Under
optimal values of the parameter Ny, and buffer gas pressure,
the intensity profiles of laser and pump radiations are deter-
mined by the spectral density of pump radiation /;,/Aw.

Calculations by analytical formulas show that the conver-
sion efficiency of pump radiation into laser radiation P/ Py,
reaches 76 % at a spectral density of pump radiation /o,/Aw =
2 kW cm. To minimise the energy loss of the pump due to
spontaneous emission and collisional quenching a higher
intensity of the pump is required.

At realistic parameters of the working medium and pump
radiation, an average specific laser power output per unit vol-
ume of the active medium P2%/V is 360 W cm™>.
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