NOTATION

d, thickness of the piezoceramic cell, mm; C, velocity of sound in the ceramic, km/sec; At, time resolv-
ing power of the transducer, pusec; and Ky, transmission coefficient of the solder film.
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ANALYTICAL METHOD OF CALCULATING THERMAL PROCESSES
AND THEIR EFFECT ON EMISSION IN SOLID-STATE
LASER WITH NATURAL COOLING

G. N. Dul'nev, B, A. Ermakov, UDC 621.373.8.536.242
and S, I, Khankov

Analytical expressions are derived for calculating the change in energy characteristics of a
solid-state laser with natural cooling due to heating and thermal deformation of the active
medium.

The intense heat generation in components of a solid-state laser and the significant effect of thermal
processes on the emission [1, 2] call for their special analysis. Most studies made till recently dealt only
with thermal processes in lasers with forced cooling. The interaction of emission processes with thermal
processes is most complex in lasers with natural cooling [4, 5], but this case has not been studied sufficiently.
Meanwhile, thermal processes are most pronounced in such lasers and have here a definite effect on the emis~
sion.

Operation of a laser with natural cooling is characterized by a relatively low intensity of heat transfer
and, as a consequence, a long transient period. This causes the emission characteristics of the laser to
change continuously from pulse to pulse, until either a thermal steady state or cutoff of emission is reached.
The more important laser characteristics in this case are the limiting pulse repetition rate fl at which the
laser can operate in the steady state without emission cutoff and the limiting operation time before emission
cutoff 7, the latter depending on the repetition rate. These parameters must be estimated for predicting the
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laser performance characteristics and this calls for analytical methods of calculation. Here will be estab-
lished analytical relations for the emission energy of a laser operating under transient thermal conditions

whe reupon simplified expressions will be derived for the limiting repetition rate and operation time. Most
thoroughly, moreover, will be treated the peculiarities of laser operation in the case of four-level low~threshold
active media,

In order to calculate the change in laser emission energy due to thermal processes in the general case,
it is necessary to determine the temperature field in the active medium and to establish the temperature de-
pendence of the gain, then calculate the gain distribution over a section of the active medium and also deter-
mine the losses in the resonator resulting from the particular temperature distribution over a section of the
active medium. For a derivation of analytical expressions, the pattern of thermal processes must be greatly
simplified already in the mathematical formulation of the problem on each step of calculations.

As a basic assumption greatly simplifying the calculations, we let the temperature drops over a section
of the active medium be negligible in comparison with the temperature level in the active medium, this assump-
tion having been found valid in preliminary studies [4, 5]. With such an assumption, the problem reduces to
determining the mean-volume temperature of the active medium, the temperature dependence of the gain, and
the mode as well as the magnitude of thermal deformation of the active medium, with a subsequent determination
of losses in the resonator. On the basis of an earlier analysis of the temperature field (5], it has been demon~
strated that the latter influences the laser performance by affecting the properties of the resonator through two
mutually independent modes of thermal deformation: wedgewise and spherical. The former mode occurs due
to asymmetry of the heat transfer at the lateral surface of the active medium (heat coming from the hot bulb
of the pump lamp) and the latter mode is due to internal sources of heat generation. In the absence of a fluid
forced-cooling medium there will be found a predominant wedgewise thermal deformation and only a slight
spherical deformation.

As a result, the well-known expression for the emission energy of a solid-state pulse laser [1] can be
modified to include the effect of thermal processes on the emission

E — ﬂ VKr K() ["3‘2 (P)] _KtO — Qo [ﬁ (P)] , (1)

G Ky + o [B(P)]

where Kt0:a0+Kr; K, = —llnl.

2L r
Relation (1) indicates that the problem of calculating the laser emission energy reduces, in the simplified
formulation, to determining the form of functions 4,(P) and S (P) as well as K(4,) and arB).

1. The relations for the mean-volume temperatures of the optical components, viz., the pump lamp (%),
the actlve medium (), and the luminaire (J;) have been derived from the solution to a system of three differ-
ential equations describing the heat transfer from a heat source to three bodies [6]

By = ( Py + 1‘}3) [T — exp (— my7)],

Oy3
1 P
By = — ( 2o 58 4 63){1 —exp [— (1 + s;) my1]}, @
i + Sy O3
Py 4 (Py + Py)[1 —exp (—
gy = Dot P PO —exp(—mgd)l (g
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An analytical expression for the temperature , of the active medium can be obtained by insertion of the
values of ¢; and ¢, into the expression for J,, viz.,

1 P P
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2. The magnitude of wedgewise thermal deformation (equivalent optical wedge 5 in the resonator) can
be calculated according to the expression [7]

W S P
= — A9, AY = L L[l —exp(—
P e T+ 558, Oy3 {[ exp (—mar)l +
- Q4 [exp (— myt) — exp (—myw)] + Q; [1 — exp (— mgr)]}, )
where 3] N
91: (‘_._52)(50-% Sz) (1_}_5)4 77: 1 _T_i_ )’ SOI—O'LZ—;
(S0 + 382)(s0 + 4) - $0S2 my, / AL
== 120(14’50"‘52) Sy, Qp — l—s, 043 ;p_z‘, :zli_
(So -+ 382)(So + 4) + 5052 23, Oy Py L

3. The temperature dependence of the gain in a four-level active medium can be obtained from the solu-
tion to the system of steady-state kinetic equations describing the distribution of excited electrons over energy
levels [1, 8], viz.,

Ky = aWp, —a, (5)

where
‘ a = ay/(1 4 Y1bas); @ = N7, GNom; m = Upo/Wp;

Vi = 0/ Asg; & = GNobys; byj = dijlds; = exp (—AE;/kT).

The temperature dependence of the gain K{«) in media with a uniformly widened luminescence line is
not only a consequence of the fact that the Boltzmann coefficients by, and by, increase with increasing tempera-
ture but also a result of the thermal widening of the luminescence line and the attendant decrease of the cross
section C for emission. The mechanism by which the luminescence line of crystalline media is widened makes
the half-width Ay of this line linearly dependent on the temperature [8], which permits use to represent the
Av (&) relation in the form Av =Av(1 +£,), with £ =(1/Av)@Ar/38). Considering that G is inversely propor-
tional to Ay [8], one can easily obtain an expression for G{#,) in the form G:GO/(l +&%,), with Ay and G, de-
noting the values of Av and G at ¢,=0. In view of this, the relation K(&) becomes

1 a
Ky = ( o WP—GNbg). (6)
14 &y L4 7163, e
This expression can be used, specifically, for estimating the maximum emission temperature, Inserting ex-
pression (6) into the threshold condition K, — Ki =0, where K¢ =Kg, +oT, we obtain

aOWP — (1 & b (K + ar) (1 4 E8y) + GoNyby,] = 0. (7
The threshold condition (7) yields the temperature &, of emission cutoff or the magnitude of wedgewise thermal
deformation 8, at which cutoff occurs in some special cases.
1) Ky =Ky rap<GyNghyy, and £ = 0. Such conditions can be realized in media with an increased concen-

tration N, or a nonuniformly widened luminescence line £ =0, also at low resonator losses a. Emission cutoff
is determined by the temperature of the active medium

AE,,
 — 2
kT G,N
,ﬁ, — T ¢ s A —_— 1n -____0_0—_. ; (8)
b A, ' 2,Wp — Kp
k
2) K> GNyby,. When Kiy> o, ( a;g“ P« Km),, then with v,by > £4, (¢ =0) we have
AEs _ 4, :
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and with v by, << &4, (usually in media with a uniformly widened luminescence line and where emission cutoff
occurs at a relatively low temperature) we have

’ﬁo—— ! (‘-GOWP '—1)7
g\ Ky

(10)
3) When K, <o, (%ﬁ;lﬂm ) ,E=0 , and Tibs, & ——;-:— , then emission cutoff occurs due to a wedge-
0
wise thermal deformation of the magnitude
_ aWp —Kto 11
ﬁo - aaT . ( )
op

4. The gain in a three-level medium, determined from the solution to the system of kinetic equations, is

K, = 1 aWp — GoN, , (12)
' T+HEh 14 2 (140
GO 0
where
B ;oag =My GeNom; py =1 Ay
1 - Yobys

Ay
The threshold condition for a three-level medium

aWp — (14Vaba3) GoNo—(1 ‘1‘562)[(1 +2ba3) GaoN (14 bys) Wp }(Kto +o)=0
N 0‘Yo
vields expressions for the temperature of emission cutoff:

1) in media with a uniformly widened line & =0 and with ap <K,

AE23 ) Kto 4
—= ke % 13
o — 1 _kTo d g GNotKw Gy~ (13)
0 0 A T g GolNo—Kn v 1 ’
GoNy  GoNo + Ky
2) when ¥ by <<ty and o< K
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By = — (] (:1 0 1 . (14)
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GoNo
3) when Kty<«<aT, £d,«1, and v,by3<< 1, however, then emission cutoff is determined by the wedgewise
thermal deformation
K GoN Ga;/ el
b= —go—| = o — 1] (15)
P | Ky LW, + 1
op GoNo

5. The resonator losses produced by misalignment due to wedgewise thermal deformation can be either
calculated or determined experimentally [9, 10]. According to experimental data pertaining to a resonator

formed by plane-parallel mirrors, the a(8) relation is a direct proportion over a wide range of 8 (up to 5')
so that one can let 8 ozT/E)B =const for practical calculations.

6. On the basis of the obtained results, the expression for the laser emission energy (1) at every instant
of time fromthe beginning of periodic operation without forced cooling will be in the case of a four-level active
medium

E= ﬂVk,{ Y T Wp —
0 I+ pexp {— = }

k (TO "lL' '&2 (W/P? f’ T))
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GoNoexp[ SN ] [+ 80, (W), /, O] %
—1
X [Kto + C’i:;; B Wp, 1, T)]}[Ktﬁ— %(ET B(We, J, T)] , (16)

with 3,(Wp, £, 7), B(Wp, f, 1) determined from expressions (3)-(4) and Wpf=P.

One can analyze the dependence of the laser performance during the transient thermal state on various
parameters with the aid of relations (16), (3), and (4), but for practical estimates in many cases it is sufficient
to determine the limiting repetition rate f; and the limiting operation time T7;. Using the expressions for &
or B, one can estimate the limiting pulse repetition rate fl beyond which emission cutoff will occur or the
steady thermal state will be reached as well as the limiting operation time ] till cutoff, both functions of f
and Wp, in the case of short-time duty (high frequency f).

When K¢, >»ar, then

By %y F %o 3 Ay Oyp *1 -t
f:‘“—Uo,Uo:< + —I——————> )
: P O3c Oz + Oz O3 Oz Oys an
7] ZL_I_EQ:__CL{}OQ, (18)
Friy [ #my G 1, Wp [

where Q=1 ylelds an estimate of 7; at the maximum and Q= 1/(1 + 2 &) yields an estimate of 7; at the
Ko Oy
minimum.

When KigLaq, £ =0, and Kty > GyNgby,, then

€033 (1 + Sp - 5,) (ao — ﬁu‘)
W a‘; ooy (1 -1 £25)
Tl|f>fl: 'L;“ [mi‘(l — Q)+ ;12 (€ + Q)17 (20)

7. Expressions (17) and (19) for f; have been derived from the condifion of a steady thermal state (1 — ),
while expressions (18) and (20) for 77 have been derived for the case of emission cutoff still during the initial
stage of heating where the &4,(7) function is nearly linear. In a strict sense, the conditions assumed for deriving
the expressions (8)-(11) and (13)-(15) for &; and B, rarely prevail in practice but are most often approached with
some approximation, Each of expressions (8)-(11), wheninserted correspondingly into expressions (17), (18),
and also (19), (20) represents a dependence on one of the main factors influencing emission. This makes it pos-
sible to estimate, specifically, the most influential factor as well as the temperature 4, of emission cutoff and
the limiting magnitude B, of the thermal deformation wedge. When proceeding to calculate f, and 7,, one must
take into account the temperature dependence of 0ij and W, their temperature dependence determining the
interrelation between f7 and 7j.

The expressions obtained here can be used not only for a qualitative analysis of the dependence of the
laser emission characteristics on the thermal laser parameters but also for quantitative calculations. For in-
stance, the limiting pulse repetition rate for two active media (glass and garnet activated with neodymium)
under the condition that the energy of a pulse in the steady state be half its initial energy is found to be 0.3 Hz
(Ny=2-10%° em™, G,=3.6-1072" cm?, 7 =280 usec, 2,=0.45-10 2 I -em™, m=2.2 37" -sec™!, W/A =6-107°
W~l.m, £ =0) and 1.5 Hz (N;=1.3-10*Y cm™, G;=77-10"2" en?, 71,=250 psec, @;=3.8°1072J '-em™ m=15
J 1 sec™!, W/A=10"W~1-m, £ =0.01 K™!). The experimentally determined values were 0.5 and 2 Hz, re-
spectively. The other laser parameters used for experimental determination and for calculation were: 2R =5
mm, H=9 mm, L=50 mm, % =0.5, %, =0.06, ®3=0.25 [4-7], Wp =2Kto/@,, 01,=0.027 W ‘K™, 6,,=0.07 W - K™},
093=0.024 WK™, 636 =0.1 W K™}, v, =2, and 8ap/98=1.5"10"* cm™ '/ ang. sec.

NOTATION

E, laser emission energy; h, Planck constant; v, frequency of emitted radiation; G, cross section for a
radiative transition; V, volume of the active medium; r, reflection coefficient of the resonator exit mirror; K,
gain in the active medium; ¢, initial loss in the resonator; aT, resonator loss due to wedgewise thermal de-
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formation; B(rad), magnitude of wedgewise thermal deformation of the active medium; §{ =tj — tg; ti, tempera-
ture of the i-th component; t;, ambient temperature; C;, thermal capacity of the i-th component; Py, power of
heat generation in the 1-th component; i =Pi/P; P, average electric power of the pump; 03 thermal con-
ductance between components 1 and j; i, j=1, 2, 3 (1, pump lamp; 2, active medium; 3, luminaire); 7, time; H,
distance from the axis of the pump lamp to the axis of the active medium; 2R, diameter of the active medium;
L, length of the active medium; A, thermal conductivity of the material of the active medium; W, thermooptical
constant; Up, spectral density of pumping radiation; Bp, corresponding Einstein coefficient; Aij’ probability
of radiative transition from level i to level j; dijs probability of nonradiative transition from level i to level j;
M =113 04, quantum yield from pumping bands to metastable level; n,, quantum yield from the metastable
level; Ny, activator concentration; bij, Boltzmann coefficient for level j relative to level i [8]; Wp, pumping
energy; T, time constant of luminescence extinction; AEij, energy gap between levels 1 and j; k, Boltzmann
constant; b, an empirical coefficient accounting for the statistical sum of Stark components {8]; T;=300°K; and
f, radiation pulse repetition rate.
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