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I. INTRODUCTION

SOLID state lasers are a widely used class of gener-
ators of coherent optical radiation, presently deliver-
ing the maximum pulse power (up to 10!' W). We con-
sider in this review the present status of the theory
and technology of solid state lasers. The properties
of the solid-state laser are determined by the char-
acteristics of the active medium, the resonator, and
the optical-pumping system.

Optically excited active media are of either the
three-level or four-level type (Fig. 1). The optical
pumping of the active medium produces level-popula-
tion inversion. The gain at the center of the lumines-
cence line is equal to

xhvgh I
where B, is the Einstein coefficient for the stimu-
lated emission at the working transition; vg 1s the
emission frequency at the working transition; Ny, Ny,
gy and g; are the populations and the statistical
weights of the upper and lower working levels, re-
spectively; Avlym is the width of the luminescence
line at the working transition; g is a coefficient
equal to 2/7 for a Lorentz line contour and
(2/m)¥r ln 2 for a Gaussian contour; « is the re-
fractive index of the medium.

Generation is produced if the losses in the reso-
nator are compensated by the gain in the active
medium (threshold condition) (1],

exp (2lk y— 0) Ry- Ry =1, (2"
or
_ fun \  _ cAVigm(a+1n1/RRy)
6= (N'““ELILA e ugxhvng.zz ’ (2)

where 6 is the threshold population inversion; Ry
and R, are the reflection coefficients of the resonator

mirrors; ! is the length of the rod; ¢ are the losses
per double pass, connected with the resonator Q by
the relation

_ vg _ 4danlveg
Q= Ave

¢ (6—{—111'}71‘172)
As a rule, in a laser the width of the resonator band
Avy < Avyms and the dimensions of the resonator
are much larger than the generation wavelength, so
that a large number of oscillation modes can be ex-
cited. The main characteristics of these modes
(spectral, spatial, damping, etc.) are determined
primarily by the properties of the resonator (1-4]
The number of excited modes with different axial in-
dices determines the spectral width of the laser
emission, and that with different angular indices de-
termines the angular divergence of the laser emission.
This number is determined, in turn, primarily by
the spatial competition of the modes, which results
from the saturation of the inverted population.[‘r”ﬂ .
The temporal characteristics and, accordingly, the
temporal coherence of the laser emission are deter-
mined apparently by the effects of mode interaction
in the resonator filled with the active medium [%&19],
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A characteristic feature of solid-state lasers is the
‘“‘spike’’ emission character.

The operating conditions of solid-state lasers can
be stationary and nonstationary. The former include
continuous generation and amplification (the pumping
is by sources of constant light), and also pulsed oper-
ation in which the pumping is by sources of light with
pulse durations much larger than the lasing transient
time. Stationary operation is characterized by con-
stant laser parameters averaged over the spikes.

The nonstationary operation includes monopulse
(MP) operation, which is produced by introducing into
the resonator a shutter that changes rapidly the Q of
the resonator (this makes it possible to obtain a
powerful short-duration generation pulse), the pulse-
amplification operation, and pulsed generation with
short-duration or rapidly varying pumping.

II. THEORETICAL PRINCIPLES OF LASER DESIGN

To calculate the laser parameters, extensive use
is being made presently of the method of kinetic
equations (the probability method). The characteris-
tics of the quantum~-mechanical system (the active
medium) are described by introducing appropriate
transition probabilities. In the elementary theory, the
properties of the resonator are taken into account by
introducing effective loss ¢ (the single-mode ap-
proximation)[®~13), It is assumed here that the gener-
ation emission density is distributed uniformly over
the volume of the resonator, and the time of spectral
relaxation of the luminescence line is short com-
pared with the times characteristic of the develop-
ment of the generation process, i.e., the line is
homogeneously broadened. In spite of the simplicity
of this model, it makes it possible to analyze the
energetics of the processes in the laser and the con-
nection between the energy parameters of the laser
and the characteristics of the active medium, the
resonator, and the pump.

When allowance is made for the spatial distribu-
tion of the radiation density of the individual modes
and the loss corresponding to them, the kinetic-equa-
tion method makes it possible to estimate, besides
the energy characteristics, also the spectral region
and the angular divergence of the laser emission (the
multi-mode approximation)!>®14-18 In the case of
spike emission, the kinetic equation calculations yield
laser characteristics that are averaged over these
spikes.

The most complete description of the laser char-
acteristics is obtained by using the density-matrix
method (e.g.,“’ 8'17‘19]). In this case, account is taken
of the phase relations of the excited modes, so that
the question of the mode interaction can be considered
more correctly. It is possible that the ‘‘spike’’
structure of the solid-state laser emission can be
interpreted only within the framework of such an
analysis [»%1%] | However, because of its complexity,
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this method has been developed so far only for highly
simplified cases and cannot be used to calculate the
main laser characteristics. We present in this sec-
tion the main results obtained by the kinetic-equation
method. The derivation of the kinetic equations from
the equations for the density matrix, and the criteria
for the applicability of the probability method, are
considered in 1520 In the following sections we
shall compare the experimental results with the de-
ductions of the developed theory. For simplicity, we
shall assume henceforth gy =gy, Ry =1, and R; =R
(see (1) and (2)).

1. Single-mode Approximation

We write down the population balance equation for
a four-level active medium (see Fig. 1):
N+ Ny + N34 Ny = Ny;
dN,

1
w7 U By, (Ny—N,) Ty diNy;

dN. . A ,
=2 =d N, +ugBss (Az*Na)——:;&]\’ﬁ
dt M2

dN.
2= dypNy—dy Nyt ugeByy (N3— No) + N3Azp+ N As,

di
where N; is the concentration of the activator parti-
cles; Ny, No, N3, and N, are the level populations; A
and B with indices are the Einstein coefficients for
the corresponding transitions; d with indices are the
probabilities of nonradiative transitions; uy4 and ug,
are the pump and generation densities; 7y =d,3/p, is
the quantum yield of excitation of the upper working
level 3; 7y = Agy/Py = Agy7; py and py are the total
probabilities of the transitions from levels 4 and 3;

7 is the lifetime of the excited state; n =mnyn, is the
luminescence quantum yield of the line with frequency
Vgg = Vg-

If the following inequalities are satisfied:

1
diz > uyBu; dig > T dyy > uy By, +AL2+':T )

hvay

—-_]_Vie—TF« 1,

L
N3 dy Ny N,
then the foregoing system of equations can be written
in the form
N1 + Ns = No, l
dNj

N.
S = MitBN, — g BNy — 22 | (3

The indices ‘‘p’’ and ‘‘g’’ corresponding to the pump-
ing and generation channels have been introduced in
lieu of the indices ‘*14°’ and ‘“23.”’
We can obtain similarly a simplified system of
equations for a three-level active medium:
Ny+Ny=N,, ]

Ny ¢

. 4
= NittpBpN1 —ugBy (N;— Ny) — 22 . | (4)

4Ny
dt
The use of the simplified systems of equations (3) and
(4) makes it possible to obtain simple finite expres-
sions for the laser parameters. At the same time, it
should be taken into account that the assumptions
made in their derivation are satisfied, as a rule, be-
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cause of the large probabilities of the corresponding
non-radiative transitions. Allowance for the en-
countered deviations entails no difficulty and will be
presented below.

Using the population balance equations and the
threshold relation (2), we can find expressions for the
threshold pump-radiation density uy,, and the gener-
ation-radiation density ug, and using the relations

Pthr:thBpNil \‘ Uthr dS,
S
mBp Ny—b

umBr )

(3)

Pg= i ln 4 Ay, (6)

g (up—Ugy,) dS,
§

we can find the threshold pump radiation power Py,
absorbed in the medium and the generation power
Pg[“] (vp is the pump radiation frequency; S is the
cross section area of the rod). Expression (6) holds
for R ? 0.3;at lower values of R, the uneven distri-
bution of the radiation density ug along the resonator
becomes appreciable (greater than 20%) and the ex-
pression for Pg becomes more complicated

(see [21,221).

Let us consider the singularities of the solution
for the basic laser regimes.

Stationary regime [%11:22-%]  The expressions for
Py, and Pg are listed-in Table I. For such four-
level media as neodymium glass, CaWOQ,:Nd**, etc.,
we usually have Ny/Nj << 1; for three-level media,
as a rule, 6 < Ny. Therefore the threshold pump
power in three-level media depends quite weakly on
the Q of the generator, and in four-level media this
dependence is strong. It follows from (7) and (8) that
the ratio of the threshold pump powers for three- and
four-level media is proportional to (Yy)(1 + Ny/9),
and inasmuch as Ny/6 2 10 the threshold for four-
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level media is much lower than for three-level
media (4] From (7), (8), and (9) we can readily ob-
tain the optimal value of the reflection coefficient R,
at which the generation power reaches a maximum
value Pyl''). The expressions for Ry and P, for a
four-level medium are listed in Table Ia.

Under the assumptions made concerning the proba-
bilities of the nonradiative transitions, the generation
power depends strongly on the pump power. On the
other hand, if the probabilities are not very large,
then the linear dependence is violated. Thus, Py
reaches saturation, with increasing pump, when the
following condition is satisfied (26
NotT _ dyadyy
28 dytdiz ”
As will be shown in Sec. IV.1, with neodymium glass
as an example, these conditions are not satisfied for
the available pump sources, so that the proportional-
ity of Pg to Pp — Pgpy is not violated.

Pulsed regime. In this regime we distinguish be-
tween two stages—below the threshold and generation.
In the former, excitation is accumulated until the
population inversion § is produced; in this stage we
have in first approximation uy = 0 (see the discussion
of superluminescence below). Generation is delayed
by tihr relative to the instant of the start of pumping.
For the case of a square pump pulse of duration ty;)
and tthy < 7, the expressions for the threshold pump
energy Wip, absorbed in the rod and the generation
energy Wg are listed in Table Ib.

Before we proceed to the MP regime and the am-
plification regime, let us first discuss superlumines~
cence.

Superluminescence. In the case of considerable
population inversion, the medium has a large gain,

n>» (12)

Table Ia
Regime Four-level medium Three-level medium
AE
n . NO _ﬁ'( . 1 _NO
Stationary B, ~hvyiS [ﬁe + ";hr——z-hvplSl_ﬁ‘i-
w2vIAV c+1n1/R #2vZAV tum (0 -1n 1/R
+an g lum(2 + / ):l ~ | 44n e umi + )’] 8)
c2ing c2ing
Ny
- (Tv_3 < 1) ~
4niu2h SVPVéA"lum
e =n "] (6+1In1/R). (7)
. ve In1/R B ( __1_
Pg=ny vp 0+41n1/R Pp 1_70)' ®
In{/Ry=0(Vry—1). (10)
—uE e (1-=)
Py =qy—=Pp{tl——=| . (11
g0~ M vp P Vno (11)

Remark. n = Py/Pyy, is the pump-power excess over threshold. ng is the excess
over threshold forR =1, ny = Wp/Wth, is the excess over the pump-energy threshold.
AE is the energy gap between the lower working level and the ground level.
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Table Ib
Regime Four-level medium Three-level medium
n T T1—-8/N,
Pulsed L= T ln;l—— = (4, K T) = - (13) | t4pyr hthr«Tz " T_m X
tthr 2
Wthrsz——: ( <<T)——- Xlnl'—a/Nol (14)
1—e ° W{hrlithr«t = PipyT =
4nu2h
= Pror™= Tz~ g mpxas| Ty
1
o SvpviAvx}me (64 1n1/R) . (15) +4nn2v§A'v1u (o+1n1/R) ](16)
" cing L
o .vg In1/R 1
ngt‘thr«x-_ni;; 0+1n1/R— WD(i‘“"L—‘:V-) . 17)

and then the spontaneous-emission quanta can give
rise, before leaving the medium, to a large number
of induced transitions, thereby reducing the stored
excitation energy [27-3). This effect, which is called
superluminescence, is particularly important in MP
and amplification regimes, and also in the stationary
or pulsed regimes when the resonator mirrors have
a small reflection coefficient. A reduction in the
excited-state lifetime, due to superluminescence, was
observed in [27'30], and a calculation of superlumines-
cence is given in [28:31-33]

For a four-level medium with a fixed lower level
we get from (3)

M (Vo—N) Bputhrf%Y,

where N is the inverted population, which in this
case is equal to N3; v = 7/Te = 1 + nyNgt/Ngp; Ngt
and Ngj, are the numbers of the acts of stimulated
and spontaneous emission (due to spontaneous quanta)
corresponding to the working transition. The quantity
& = Ngt/ Ngp, together with y, depends on the degree
of inversion and on the geometry of the active rod.
From the last expression we can readily obtain an
expression for the inverted population:
nd

M=o,

where 0 is the threshold inversion in the presence of

(18)

the resonator. In analogy, we can obtain for a three-
level medium

No— Pyt (ndv) 8/,

TRy n—y) 8/, (19)

Obviously,

[ EWkyay
.
S \ kydv
v
where k,, is the gain at the frequency v; £(v) is the

number of stimulated transitions due to the spontane-
ous quantum of this frequency. To estimate £ (v) we
can use the concept of the effective length ¢, equal
to the average path traversed by the s?ontaneous
quantum before leaving the rod (2825331,

E (V) == hvk_v

where p is the loss coefficient in the rod per unit
length. The approximate values of l¢ for rods of
cylindrical form are listed in Table II.

For a cylindrical sample with a polished (a = 0)
or roughened (a = 0.5) side surface, a more correct
calculation leads to the expression 331

2
ky {(1—a)exp [?D(@\v—ﬁ))-' 1}
v—p 1—aexp [D (ky—p)] o )

More accurate calculation methods are considered
n 283233 The calculated values of £ (v) and £ for

p lexp (kv—p) legs — 11, (20)

EW) =7 @1

Table I1

Characteristic of rod

eff

Rod with polished side surface

face, /D = 10.

0.5) side surface, /D> 35

the inside surface of the sample.

Rod of diameter D surrounded by an immersion
sheath of diameter D, with polished outer sur-

Rod with translucent (&t = 0) or roughened (o~ 4

Remark: o — fraction of radiation which is isotropically scattered backward from

leff =1

4 Ilnx
Fett &—?TD_'— 3n Do D
D 8D,

P(5+1ia)-

eff "~
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FIG. 2. Side surface roughened: 1,2,3 — according to [**], I/D is
tespectively 20, 10, and 5; 4 — according to (21). Immersion enve-
lope: 5 — according to (20), /D = 10, D/D = « = 1.5. Polished side
surface: 6,7,8 — according to [**}, I/D respectively 20, 10, and 5;

9 — according to (20).

p = 0 and for a Lorentz line shape are shown in Fig.
2. We see that for small inversion the value of ¢ is
determined principally by the value of kD and de-
pends little on the length of the sample. For roughened
samples there are limits to the attainable inversion,
determined by the condition a exp[D(k —p)] =1
imposed by the required balance between the losses
and the gain (see (21)).

With the aid of the foregoing relations and the data
of Fig. 2 we can obtain, for the given excess over
threshold n, the inversion and the gain in the medium.
The obtained data show that in the stationary genera-
tion regime, when the average gain in the medium
kinr = (o + In 1/R)/20 is small (see (2')), the super-
luminescence is negligible when the rod dimensions
are not too large. In addition to the amplification of
the spontaneous emission, amplification of the pump
radiation quanta with frequency vg is also possible.
This effect is particularly significant when the
medium has a broad amplification band. An estimate
shows that in the case when neodymium glass is
pumped by radiation from a xenon lamp with a bright-
ness temperature ~1.2.x 10*°K, the effect of the
amplification of the pump radiation can become fully
comparable with the superluminescence effect.

Monopulse regime (10,33,35-40] | [,et ug consider the
case of instantaneous switching of the optical shutter
(allowance for the finite switching time is made
in 9:31:39) see Sec. III). At the instant of switching of
the shutter, an inverted population N 0 s produced in
the active rod, with a corresponding gain k, (see ex-
pressions (18) and (19)). Assuming that the following
conditions are satisfied: 1) the duration T of the
generation pulse is much larger than the time of
flight in the resonator At = [L +1(x — 1)}/c; 2) the
gain is constant in the rod and the radiation-density
distribution in the resonator does not differ greatly
from the distribution in the case of the stationary
regime; 3) the relaxation time of the lower working
level (four-level medium) is much smaller than T,

423
we can write the following equations for the four-
level medium:

dug 1 bk Vi anN NB
g = A k—k Yug gy = — NBglug, (22)

where kinpr = (Y30)(0 + ogh + In 1/R); ogp—loss in
the open shutter. It is seen from the first of these
equations that the maximum radiation density is at-
tained at an instant of time corresponding to k = kthy.

In Table IIl we give expressions for the maximum
pump power P in the pulse, the generation energy W,
and the pulse duration T. We see that there exists an
optimal mirror reflection coefficient Ry for which the
generation energy is maximal. The generation power
P reaches a maximum at a somewhat different value
of R 33]

It follows from (23)—(28) that in the case of large
excess above threshold (nyw > 1 and kg > kghy), it is
possible to obtain very short pulses with large in-
stantaneous power. An essential limitation of the at-
tainable power and energy in the MP mode is the
‘“‘collapse’’ of the excitation energy as a result of the
superluminescence and the bleaching of the active
medium when the ground level becomes depleted.
Figure 3 shows by way of an example the calculated
dependence of the maximum generation power on the
excess over threshold (with respect to power) in the
case of prolonged pumping %3!. We see that the in-
fluence of the superluminescence is quite significant
for four-level media; in a three-level medium, the
influence of bleaching is greater.

Amplification regime. This regime is of particular
interest in the case of amplification of the power of
monopulse and continuous lasers. The amplification
of the stationary signal is considered in [22-%8) and
that of a pulse signal in 41~%), A regenerative ampli-
fication regime, in which positive feedback is pro-
duced in the amplifier is considered in [4,13,47-48]

Let us consider the energy relations in the ampli-
fication regime in the absence of feedback in the

7
g —

38
LY

#, arb. units
SN KSR Y Y

4 8 2 6 O 4 X
2
FIG. 3. /=8 cm; L =40 cm; D = 0.8 cm; k¢p, = 0.1 cm™. 1 and
2 — four-level scheme (N,/8) | g=1 = 2 x 10% 3 and 4 — three-level
scheme (Ny/8) | r=1 = 4; 1 and 3 — without allowance for the short-
ening of r, 2 and 4 — with allowance.

X
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Table III

Four-level medium

Three-level medium

!
lep[l—--"—(i—i—lnnw)];

e Elnl/R ( ky
T 2k ko)
ko Eln1/R
(for T >1,05).=W

-3 e In /R
NV potoentin /R
xWp (1——): @
v
r=¥_ At (1 —ky ko)
kthry -~
o [ 1= 1410 g2 )]

k -
-~ ( for k—:hr> 1,05, tpu1< Tegs ) -~

= (for iy< Tefr) =

-y %‘- We (1 —n‘%)z

In1/Rq = 1,6k thr,} (

_El4/R | l»thr )
2A¢ L (1+1 thr :] -~
g Xni/R
= (for tpar=< Teff ) == My 5=~

(23

X (1 ( kth’) ]=- (for tpuik Teff) =~

pElUR IZAYR[ kth'(1+1n )] 28)
o ()
(fon o>t 05)

3%%[1—(2—;‘“)2J; (29)

‘Optimal mirror reflection coefficient

_ A 1—1/n¥; e
kth l 1 '
B A — e (L In )
XVO ) [1 ( }thr)2/3] -
* > 1,08
kfhr

(26)

(30)

332
Woc‘_g_[i_(_:_:_hr) /a:] .

Remark. k, — gain in the medium at the instant of the cessation of generation: (k,
— k)/kipy = In ko/k,. When ko/kyp, > 1.05: 1 — k;/ko2 1 — (kmr/l,(o)z
= clSAv  mky/KBg — excitation energy stored in the sample. kepr, = (1/20) (0 + O)ny,
— excess over threshold pump energy when R = 1,

- E =t SIN°

amplifier. For an amplifier using a four-level
medium we can write the following equations:

6ug % dug

Jug | T8 (k—po)uy
aN

= — NBgle,

where p, is the loss per unit length of the active rod
in the amplification regime, equal to the loss to the
inactive absorption and scattering through large
angles; usually py < o/21 [?8), For a three-level
medium, the equations are the same but a factor 2
appears in the right side of the second eqution. Going

over from the radiation density u, to the radiation

tpul
energy Wg = (¢/k)AviymS ofpu ugdt, we get (13]

A

de __ E —h‘vgs

SE- (e We) — poWes (31)
where A =k/N is the cross section for induced
transitions; a definition of E is given in Table III.
Solutions of (31) are listed in Table IV (3]

In the presence of losses in the medium, there is
a certain limiting value of the energy Wg Jjm, at

which the amplification and the losses compensate
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Table IV
Regime Four-level mediam Three-level medium
Amplification | 1) pg=0. 1) pe=0.

of short hves q
pulse We=Wot+£+ Ag ln{i—-exp X Wg=VV0—{—-2—E—j-—

A hvg§

— i E g 1 { _
><r Wo(i—e hvgS )}} Ty mimexex

For a strong input signal
Wy > 1)
Wege=W,-+E.

2) Weak input signal

We &1,

(/W S

hvS

Amplification Pg
of stationary In o= (kg —po) L+
signal o
Pg 1
5 P,
-+ /—0— In| 1— Py
Po By 1
fo
Bgtu (V)

Wg =W, exp (—i\— E— pol)

Note. Wg(Pg) — energy (power) of signal at the amplifier output. Wo(P,) — the same
at the amplifier input; ko — gain in the medium in the absence of an amplified signal;
u(0) = KPo/cAvlumS — density of amplified radiation at the amplifier input.

_A g

hv, S
x[ /wgsW"“‘ = )J}
2) ;l';,g—SWg«L

A
Wg=Wgexp (Iv SE pal)

each other and the pulse energy ceases to grow with
increasing rod length. From (31) with dWg /dx =0
and pg < AE/hwgSI it follows 1% that wg lim

~ E/p,l.

The temporal characteristics of the amplified
pulse were considered in (42,43,13,45,48,275)  1p) particu-
lar, it is shown in %% that if the leadmg front of the
amplified pulse is exponential, the duration of the
pulse in the amplifier does not change, but a for a
rectangular or Gaussian front the pulse becomes
shorter [27),

The connection between input and output signals of
the amplifier, in the stationary case, is shown in
Table IV (28), It is easy to verify that an increase in
the value of the input signal leads to a decrease in the
value of the gain, the gain being Pg/P(. The station-
ary amplification regime in the case of an inhomo-
geneously broadened line is considered in (276],

Features of laser calculations. In the calculation
of the threshold pump intensity and the laser genera-
tion intensity, it is necessary to take into account the
presence of several absorption bands of the active
medium, the radiation energy yield of the pump
source, and the efficiency and uneven distribution of
the pump power over the cross section of the illumi-
nator rod. By way of an example we present an ex-
pression for the threshold and generation power of a

laser operating in the stationary regime with a four-
level medium [26:50];
4nhx?ySvéAv1um(0+ln1/R) .

P, = !
e,thr ® 2 m eiFi/Vpi ? (7 )

i

In1/R 14
Py = u)vgm (P’e <, thr\Z Mi0:F/vpe, (9")

where Pg—electric power fed to the pump lamp

( Pe.thr is the corresponding threshold power); w—
efficiency of illuminator; y—coefficient of uniformity
of the pumping (for a definition of w and y see Sec.
IlI, 3b); 0;—fraction of pump radiation incident on the
rod in the i-th pump band and absorbed by the rod;
Fj—energy yield of the pump-source radiation in the
i-th band (in (9') it is assumed that the entire end
surface of the rod generates).

2. Multi-mode Generation

When considering multi-mode generation it is
necessary to take into account the spatial distribution
of the individual modes, as was demonstrated, in
particular, in [5”; the method of calculating multi-
mode generation was developed by Tan% and Statz 158}
and was further developed in (5254, 14-16

Let us consider the stationary regime of a laser
with a flat ribbon resonator (mirrors in the form of
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infinite strips of width D); we shall describe the ac-
tive medium with the aid of equations of the type (2)
and (3) (two-level model). It is assumed that the
luminescence line has a Lorentz contour and is uni-
formly broadened. For a four-level medium, the
population balance equation is written in the form
meUpNo—i——nﬁm— D wipi (2) by (z) gi; =0, (32)

T

3 Av lum i, j

where i and j are the axial and angular mode in-
dices; ujj—average radiation power in the mode with
indices i and j;

. i 2 2nj
@; (z) =2 sin? —:zl—z:1—cos—zl—z u wj(x)zi—cos—gl—z

—mode radiation density distribution functions in the
axial and transverse directions of the resonator
(0=z=L, 0=x= D) gijzgi=[1
+ (2 vi — vo/ A ym) 7! ~ relative intensity of the
luminescence line at the frequency vj (the mode radi-
ation frequency Vij depends principally on the axial
index i); vy—frequency corresponding to the center
of the luminescence line. The pump distribution is
assumed uniform. The summation in (32) is over all
the excited modes.

The balance equations for the radiation density of
the modes, ujj» similar to (22), is written in the form

CDO'Z']' ng,-u” I< §)N d d 0
- Ui j i(2) iz lz =0,
Tt W EVRR ®: (2) s (2) dz (33)

where ojj =0j=09+0 d_loss for mode with angular
index j (the loss does not depend on the index i; see
Sec. II); o, =~ In 1/R—nonselective losses; o?—dif—
fraction losses.

From (32) and (33) we can readily obtain

L D
P dzdz Cj

ng; S S__—z_
LD i g 1-1‘-;;-4:'1'%% Oy

(34)

where gy—loss for the lower mode and n—excess
B,r

above threshold; Aj; = u;i. The solution of
ij - ij

3 AVlum

a system of the type (34) with respect to Aij is a
rather complicated task. However, as shown in [6’15],
when the number of excited modes is large it is pos-
sible to solve independently, with sufficiently good
approximation, the problem of the distribution of
radiation with respect to the axial and angular modes.
In this case the equations for the axial modes, ana-
logous to (34), are

1.
n Q; dz 1 ’
N\ =7 34
L§1+;mw g (349

and for transverse modes

D
L _WaE 9% (34")
5 =

N 1+JZA}\PJ o
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Aj is proportional to the total radiation density of the
modes with identical axial index i and different angu-
lar indices, while A} is proportional to the corre-
sponding density of the modes with identical trans-
verse index and different axial indices.

Using the expansion [5% 53]

2mi
E Ajcos —z
. : L
1

14+ 4

1 Ayt~ — L {
(1+2 49:) eyl K

’

we can reduce (34) to the form

1 1 A; 1
1+2Ai__2—(1+214i)2:|:—g—i. (35)
Recognizing that for modes that are not excited under
the given conditions the left side of (35) is smaller
than the right side, we can easily solve a system of
the type (35) for all the excited axial modes with re-
spect to Aj 52,53,141 1 follows from the solution that
the total number g of the excited modes with differ-
ent axial ind.ces is given by the relation (14]

g o ( A‘;,lum)z/s( n;i )1/3,

where 6y = c¢/2¢L is the distance between neighboring
axial modes (see Sec. III). Since the total width of the
generation spectrum is Avg = q ov, we can write
(36’) in the form

(36")

Avg o Av/séyYs ('ZT__1)1/3 . (36)

The half-width of the spectrum at half the maximum
amplitude is, according to %31, 0.7 Avg. 1t follows
from (36) that the width of the generation spectrum
reaches saturation rapidly with increasing excess
over threshold n.

For a three-level active medium, the expression

for Avg takes the form (36), but corresponding to the
value of n in this case is (Py — Py)(Pthr + Py)
/(Pp + Py)( Pthr — Py), where Py is the pump power
at which N = 0. We note that the relation obtained for
Avg does not depend on the configuration of the plane
resonator mirrors.

It is shown in B%14] that the diffusion of excitation
in the active medium of solid-state lasers has prac-
tically no effect on the width of the generation spec-
trum. At low temperatures, an important role is
played in a number of media by the inhomogeneous
line-broadening mechanism (see Sec. III), wherein the
width of the generation spectrum may turn out to be
much larger than that given by (36).

It is possible to solve similarly the system (34")
for the angular modess (6:1516], Recognizing that
od =~ jzaii ~ j¢.2(¥AL/D)3 for a ribbon resonator |41,
E] . (34") yields, for Gc11 <« gq, the following expres-
sion for the number of observed angular modes,

m (m = 3), and for the generation power Pg (15,181,
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m
where g‘d = ( 1/m)12 0? is the average diffraction

loss for m excited modes. Expression (37) is valid
also for the case of a three-level medium, with allow-
ance for the remark made concerning the value of n
in relation (36) for a three-level medium.

The angular divergence of the laser emission
(along the x axis) is magy, where ag = A/D (see
Sec. III). It follows from (37) that the angular diverg-
ence saturates quite rapidly with increasing pump,
reaching a limiting value

Uim & 0,70/3 (—%)11 (39)
at a threshold ratio n > 2.

For a resonator with square mirrors measuring
D x D, the angular divergence in each of two mutually
perpendicular directions is quite close to the values
given by relation (37) or (39)!15), Expression (36) for
the generation power also remains in force, but the
averaging of o9 must be carried out over all the
excited modes. It can be assumed that the obtained
relations are effective also for a resonator with
round mirrors of diameter D. Within the framework
of the given model, we can also take into account the
effect of the uneven pump distribution on the angular
divergence (51,

The foregoing results show that the method of
kinetic equations makes it possible to study the energy,
spectral, and angular parameters of a laser. Naturally,
the results obtained by this method are approximate
and call for at least an experimental confirmation.
The most essential effect which cannot be accounted
for in the employed model is apparently the excitation
of coupled modes, especially in the presence of
scattering in the active medium. In this case, the
angular divergence of the radiation greatly exceeds
the value given by (39) (see, for example, (16 5nd Sec.
IV). The energies of the generation process can also
be greatly influenced by the interaction between
modes having close frequencies (8],

The kinetics of the monopulse operation is con-
sidered in [228) with allowance for the spatial and fre-
quency characteristics of the angular modes of the
resonator. It is shown that, owing to the unavoidable
inhomogeneity of the initial distribution of the in-
version over the cross section of the rod, different
zones of the cross section take part in the generation
during different stages of the development of the giant
pulse, leading to a lengthening of the summary genera-

427

tion pulse and to a time variation of the radiation
divergence angle.

III. LASER ELEMENTS

1. Active Media

The number of presently known active media is
large. A most complete table of the active media
developed to date on the basis of inorganic materials
with ionic structure, as well as information on their
crystal-chemical structure and growth technology, is
contained in 1**%J, In this review we consider only a
small number of media that have found practical ap-
plication.

The presented analysis of laser operation enables
us to formulate certain requirements that active
media must satisfy. These include requirements such
as the presence of a narrow luminescence line of the
working transition and broad intense absorption bands,
a large luminescence quantum yield and a large yield
of excitation of the upper working level, small Stokes
losses, absence of absorption from the upper working
level to higher levels, especially at the frequency of
the working transition, a large energy gap between the
ground and lower working level (for four-level media),
small losses and optical homogeneity of the medium.
These requirements are common to all laser operat-
ing regimes. The value of the lifetime 7 affects the
laser characteristics in a complicated manner. In
the pulsed regime, a decrease of 7 leads to a de-
crease in the threshold pump energy. In the continu-
ous regime, for four-level media (with quenched
lower level) 7 has no influence on the threshold, and
for three-level media an increase in 7 leads to a
decrease of the threshold, so long as /Ny < 1. In
the case of the monopulse regime, an increase of 7
makes it possible to increase the accumulated exci-
tation energy, but the threshold is raised thereby.

Another very complicated question is that of the
influence of the activator concentration on the laser
parameters. On the one hand, an increase in the
concentration increases the intensity of the absorp-
tion bands of the medium; on the other, starting with
certain concentration values, concentration gquenching
of the luminescence occurs and decreases 7 and the
quantum yield [57’26], and also affects adversely the
optical quality of the material *8), The optimal acti-
vator concentration is usually chosen experimentally.
Figure 4 shows the dependence of the characteristics
of a CaWO,:Nd&®" laser 158 and a neodymium-glass
laser 8] on the Nd** ion concentration. Figure 4a
shows also the glass-laser parameters as calculated

from (9) and (15).

The activators employed are divalent and trivalent
rare-earth ions (Nd**, Sm?*, Dy?*), actinide ions
(U3%"), and ions of transition-group elements ( Cr3*),
in which the luminescence lines are quite narrow be-
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FIG. 4. a — neodymium glass; b — CaWO,:Nd’+.

cause the optical transitions occur within internal
well-screened shells.

Of greatest interest at present are the following
active media: ruby (Al,03: Cr3*), glass activated with
trivalent neodymium ions, CaWO,; Nd** (59
YAIG : Nd®* (60-62) CaF,: Dy?* [63-68] 5pq
CaF,:Sm** (7], The lower-level schemes and the
luminescence and absorption spectra of Cr3* in
ruby 8,69 and Nd3* in glass "% ™! are shown in Fig. 5.

We see that ruby is a three-level medium and
neodymium-glass a four-level medium. The spacing
between the lower working and ground levels in the
Nd** ions is ~2000 cm™!, so that the lower level of
this ion is sufficiently quenched even at room tem-
perature. The principal generating lines are the line
Ry (A = 6943 A) in ruby and the line with A = 10 600 A
in neodymium glass. The °E level of the Cr3* ion in
ruby is split into two sublevels, spaced 29 cm -1 apart
and corresponding to the R; and R, luminescence

”7.
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IT w0 00 B0 W0
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lines. The time of spectral relaxation between these
sublevels is less than 10~ sec. The absorption
spectra of excited levels were investigated in [72'74],
where the presence of intense absorption from the
metastable level 2E to higher levels has been estab-
lished; the bands of this absorption overlap the bands
of absorption from the ground level 4A2 (A = 560,
450, 360, and 260 nm). At the same time, rapid non-
radiative relaxation from the higher levels back to
the %E level takes place, with efficiency ~90% ("3 74,
Thus, the presence of absorption from the upper
working level causes a considerable fraction (~50%)
of the absorbed pump radiation to be transformed into
heat dissipated in the crystal.

Table V lists the main spectral characteristics of
a number of active media. One of the most promising
possibilities of effective control of the characteristics
of an active medium is to vary the crystal or vitreous
structure into which the activator ions are intro-
duced '), The data listed in Table V illustrate,
with Nd@®* as the example, the effect of the matrix on
the characteristics of the active medium. The results
of [16-18] show, in particular, that by varying the com-
position of the glass it is possible to control the value
of 7 of Nd3* within a range 30—1000 usec, without
essentially varying the luminescence quantum yield.

In the case of heterovalent penetration of the acti-
vator into the matrix, luminescence centers with
different surrounding-field symmetries can be pro-
duced (% ™), The spectral characteristics of the
activator ion change appreciably with change in the
structure of the center, as is observed, for example,
when CaF, crystals are activated with U3* jons [80:81]

FIG. 5. a — level scheme of ruby; b — level scheme of
neodymium glass; ¢ — absorption and luminescence spectra
of ruby; d — absorption and luminescence (shaded) spectra of
neodymium glass.

Y5774
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Table V
. Half-width i .
Med Activator ab;woi"t"on ® o‘}“ Lm:;:istz;nce n,. A, Lumlri?sce“ce T
edium concentration, % bandg,lﬂl- absorption yield,** % oz Ii half—vi?gth Al Hsec Note
bands,* A ’

Ruby 0,03—0,05 (mol) 0,55 550 70 70 0,643 5,5 3-103 T -=300° K
0,4 700 70 70 68, 69, 81, 85

Neody... era0 | 2 (wt) 0,838 250 30 100 1,06 220 670 T=300"K
0,81 300 23 77 26, 71, 86
0,74 300 10 33
0,58 300 10 33

6 (wt) 0,88 250 21 100 1.06 220 440

0,81 300 13 62
0,74 300 7 31
0,58 300 5 25

CaWQ, : N3+ 2 (mol) 0,88 100 36 100 1,058 50 160 T =300° K
0,81 200 28 78 26, 87, 88
0,74 200 14 39
0,58 200 10 28

YAIG : Nd3+ 3 (mol) 0,88 ~150 1,0648 6,5 180 T =300°K
0,82 ~200 60, 62, 87, 89
0,76 ~230
0,585 ~150

CaFy: Dy2* 0,02 (mol) 0,9 850 3—12 ~20 2,358 1,2 ~15-10% I'=77"K
0,7 680 26, 66, 88
0,55 1000

CaFy: Sm2+ 0,02 (mol) 0,63 480 ~10 100 (?) 0,708 0,8—1 1—2 T=20°K
0,42 180 67

*In the case of structured absorption bands (CaWO,:Nd3+, YAlG:Nd3+), the equivalent band widths are presented.
**The luminescence quantum yield presented is that corresponding to the working transition. For ruby, the summary quantum yield for the
R lines is given.

or CaF, and CaWO, crystals are activated with

Nd3" ions %8481 The influence of the structure of
the centers on the generation spectrum of these media
is considered in Sec. IV.

An important factor which determines to a consid-
erable degree the laser emission spectrum is the
character of the luminescence line broadening in the
active medium. The main causes of line broadening
in crystals and glasses are electron-vibrational in-
teractions in the lattice and the presence of inhomo-
geneities in the structure of the material (907921431,
The first factor causes homogeneous broadening of
the line, and the second inhomogeneous broadening.
As a rule, in homogeneous broadening the line has a
Lorentz contour and the line width and shift have a
strong temperature dependence; in inhomogeneous
broadening one can expect a Gaussian distribution of
the intensity in the line and a weak dependence of the
line width on the temperature ['43], Figure 6 shows
plots of the luminescence line widths against the tem-
perature for a number of media. In ruby at T > 100°K
there is apparently homogeneous line broadening, as
confirmed by a study of the line contour (80} angd gen-
eration spectrum in a traveling-wave laser (931 A
similar character of the broadening was observed in
CaF,:Sm?* %% and CaF,: U (T > 50°K)1%),

An investigation of the luminescence and genera-
tion spectrum (95,91 Jed to the conclusion that the line

broadening in Ca.FZ:Dy2+ crystals is inhomogeneous.
However, a theoretical estimate of the lifetime of the
lower working level (277] gavors the conclusion of a
homogeneous line broadening in these crystals. The
question of the character of the line broadening in
neodymium glass still remains unanswered. Some
data on the structure of the generation spectrum of
neodymium glasses % 9%2186219) 55 well as the ab-
sence of a fine structure in the luminescence spec-
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Table VI
Sensi Excitation- Effect gi by th Refer-
; ensi- transfer ect given by the
Base Activator | i o0 mechanism sensitization ence
YAIG Nd3+ Cr3t Resonance Threshold decreases ap- 61
proximately by a factor of 2,
the efficiency is tripled.
ErYAIG Ho3* OcnoBa | Resonance The luminescence increases  '%®
20 times. The threshold is
47 W when an incandescent
1. i d f i
Glass Nd3+ Mn2+ Resonance (»armf ;;o‘;(s)e or pumping 101, 102
. Radiation intensity in-
3+ 3+ y 103
Glass Nd Ce Reabsorption) . ces 50%.

trum even at low temperatures !'", give grounds for
assuming that line broadening in neodymium glass is
inhomogeneous. However, experiments on the dy-
namics of the emission within the luminescence
bands, in which short-duration generation pulses were
applied to the neodymium glass, has shown that the
time of spectral relaxation in the luminescence band
of neodymium glass is quite short and does not ex-
ceed 1071078 gec [96:99],

Considerable interest attaches to excitation-energy
transport in the active media and the related question
of sensitization of the luminescence of the activator.
Sensitization of the activator-ion emission makes it
possible to broaden the effective absorption band of
the pump radiation and by the same token increase
the laser efficiency. The sensitizer may be an addi-
tive introduced into the lattice, as well as the crystal
base, and in the latter case the efficiency of the
sensitization may be appreciable, owing to the large
width of the lattice absorption bands. The possible
mechanisms whereby excitation energy is transferred
from the sensitizer to the activator are resonant ex-
citation transfer and reabsorption of radiation.

Table VI lists a number of active media in which
sensitization is used.

The excitation-migration processes can play a
certain role in the formation of the generation spec-
trum, since they influence the spatial distribution of

homogeneous broadening of the luminescence line, in
the presence of inversion in the medium, deactivation
by stimulated emission of centers with overlapping
luminescence bands can cause a rapid ‘‘mixing’’ of
the excitation energy of different centers (see the
foregoing discussion of the relaxation time in glass)
and lead to a number of unique effects in the genera-
tion spectrum. Such effects are observed, for exam-
ple, in lasers based on CaF,:U%* containing two
types of centers with overlapping luminescence

bands [8”; it is possible that they should be taken into
account in the interpretation of the neodymium-glass
generation spectra.

In addition to the spectral characteristics of the
active materials, importance attaches to such proper-
ties as optical homogeneity, magnitude of the losses
(which affects the Q of the resonator), thermophysical
parameters (which govern the thermal deformation of
the active medium), thermal endurance of the mate-
rials, etc. The characteristics of a number of active
media are listed in Table VII. The material which is
most perfect optically is neodymium glass, since it
has very small optical scattering and high homo-
geneity. Shortcomings of glass are low thermal con-
ductivity and thermal endurance. Fluorite is optically
homogeneous, but the light scattering in it is appre-
ciable 8), Such materials as ruby and yttrium alum-
inum garnet have high thermal endurance, but their

the inversion in the medium %), In the case of optical homogeneity is relatively low.
Table VII
dx s Los ermal conductivity . . Coe'fficit'ent Scatterin
Material Density, | Refractive - pecific heat, coefficient, oefficient of the:inal of inactive coefficien%
g/cm’ index deg™! cal/g-deg cal/deg-cm-sec expansion, deg absorp_tlmn, cont
€ om cm
Ruby 3.98 1.76 (1,26 —1,75)-10~8 0.1813 0,06— || ¢ -axis 6.6:1076 —{| ¢ -axis 0,02—0,1
0,055— ] ¢ -axis | 5:1076 — | ¢ -axis 104
Neodymium 2.95 1.55 2.10-¢ 0.16 0,0016 1.1.10-5 1,5.10-3 < 0,004
glass 105 105
CaWQ,: Nd3+ 6.06 1.92 0.104 0.0079— || ¢ -axis | 11,2.10-86 — || & -axis
18.7.10-8 | ¢ -axis
CaFj, : Sm2+ 3.18 1.435 0.21 0,093 (83° K) 18.4.10-¢ 0,02 — 0,04
0.02 (300° K) 16
Note: Unless otherwise stipulated, all data are for T = 300°K.
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Table VIII
Resonator Spectral distance between Diffraction losses 04| Angular mode divergence Distribution of field amplitude
modes, Av, em™ (for two passes) a, rad
Ag A VIry® A —— am D nn D
Planar [k S - (m2 2 A 2 2 in — ———}.sin == —
2L—{—4D2(mAm FnAr) 2( 5 ) (m24-n2) DVm +n sin — (z 2)51nD(y 2)
m, n=1, 2, 3 ...
_ Ag | Alm+n) I/T 215, ) 4 n
Confocal r = L L AV A = = [ —
sL 4L 2V = | Hm 2"‘/ 22327 |°
] 1+(%) ]
m, n=0,1, 2 ... —
7
X Hyp (211/— ey |
m1+(F) ]
[1+(Z
(__ 2n(a2+y?)
xexp | [ ( 2z )2]
LA —_
U 7
. A
Spherical r > L/2 %.}.Mx 2%y, ‘/L: Similar to the distribution for a
4L nl eff confocal resonator with L
4 Leff — 1 2,(3“ A replaced by Lg¢q.
x(1——arctgk) = —
b/ L+ L o d
Note. Hy, and H,, are Hermite polynomials; the z axis is directed along the resonator axis and the origin is half-way between the mirrors.

Interference patterns of treated ruby and neody-
mium glass are given in Fig. 11 below.

2. Resonators

The resonators customarily used in solid-state
lasers have either flat or spherical mirrors. We
present in this section the main results of diffraction
theory of passive open symmetrical resonators, as
developed in [#~%10%:3%] a1though it should be borne in
mind that introduction of the active medium into the
resonator leads to a number of peculiarities in the
laser operation (formation of coupled modes, mode
pulling, etc.; Sec. IV).

The modes excited in the resonator can in general
be characterized by three indices: axial g, charac-
terizing the distribution of the mode field in the direc-
tion of the resonator axis, and two angular indices
(transverse) m and n, characterizing the distribution
of the mode field in a plane perpendicular to the
resonator axis, as well as the divergence of the mode
radiation. Modes having identical angular and differ-
ent axial indices differ only in the radiation frequency.
Since the resonator electromagnetic oscillations of
interest are transverse, the modes are denote
TEMgmn- Resonators are characterized by two
parameters: the number of Fresnel zones N = D¥4La
and the parameter G =1 — L/r, where r is the

radius of curvature of the resonator mirrors, L is
the resonator length, and D is the mirror dimension.
In a plane resonator G =1 and in a confocal resonator
G = 0. Table VIII lists the main characteristics of the
modes of resonators with quadratic mirrors ( D—
length of side of the square). The relations can be
used for estimating purposes also in the case of
resonators with round mirrors of diameter D (see [4]).
It is seen that modes whose axial indices differ by
unity (Aq = 1) are spaced by a distance Avgy

= (1/2l) em~!. For L =10 cm we have Avg =5 X

% 1072 em™!. The modes of a planar reconator with
angular indices differing by unity ( Am or An =1) are
spaced Avang = (A4D?*)mAm apart. For the two
lowest modes (m; = 1; my = 2), we have avy,
~10%em™ for A=10"%cm and D = 1.0 cm. Thus,
in a planar resonator Avy > Avgpg. The angular
divergence of the modes increases with increasing
angular indices, and for the lowest mode of a planar
resonator we have o =~ ag =~ A/D.

In a confocal resonator, the distribution of the
mode field is described by Gauss-Hermite functions[3],
and the equal-phase surfaces are spheres whose
curvature centers are located on the resonator axis,
including the resonator mirror. The field in such a
resonator is concentrated towards the axis, and the
dimension of the excited region in the symmetry
plane perpendicular to the resonator axis and com-
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Table IX
m 0|4 2|3 4|56 7|8| 9101|1213 14
Hm |1.86(2.51]2.9713.35|3.68|3.98| 4.25 4.5 4.73] 4.975.18] 5.38] 5.57 5.76/ 5.93

prising an equal-phase surface is (at a field intensity
level equal to 0.03 of maximum)

= V3

where L =r is the radius of curvature of the mir-
rors, and kp, is a coefficient that depends on the
angular mode index m(n). The values of «,, are
listed in Table IX [108),

When considering a spherical confocal resonator
with mirror radius of curvature r = L/2, it is con-
venient to use the concept of an equivalent confocal
resonator [3], in which the field distribution coincides
with the distribution of the field in the given reso-
nator. The distance between mirrors of an equivalent
confocal resonator is determined by the relation

Lége =2Lr— L2,

The dimension of the excited region in the sym-
metry plane of a nonconfocal resonator can be ob-
tained from expression (40), by substituting in it Legf
in lieu of L. For a given L, the magnitude of d is
minimal for a confocal resonator. More details on
the distribution of the field in the spherical resonator
are given in %), and the characteristics of a con-
centric resonator are considered in 1%), The spec-
trum of a confocal resonator is partially degenerate,
the degenerate modes being spaced Y,L apart. The
degeneracy is lifted if the resonator is made non-
confocal. When r ~ L. we have

(t-2) ]

{

The diffraction loss in a spherical resonator is
smaller than in a planar resonator when r > L/2.
The minimum loss takes place in a confocal reso-
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(40)

nator. The dependence of the diffraction loss on the
factor G for the two lowest modes of a cylindrical
ribbon resonator with mirror with D is shown in
Fig. 7 (1101

If a lens with focal length f is placed between the
mirrors of a resonator, it becomes equivalent to a
spherical resonator (Fig. 8). The parameters of the
equivalent resonator can be obtained with the aid of
the relations [111]

Lily

L= +1,— 7

LS
Ry ~ r4

)

|

Real resonators of solid-state lasers deviate from
ideal shape, owing to inaccuracies in the manufacture
and adjustment of the elements, inhomogeneity of the
active rod, and thermal deformation of the latter
during pumping. The influence of defects of this kind
is considered in M&1%113,30] 14 hag heen established
that in the case of deviations from planarity of the
resonator mirrors, the modes become deformed, and
the angular divergence of the radiation as well as the
spectral spacings Avang increase. The dependence
of the diffraction losses on the mirror misalignment
angle is shown in Fig. 9 for a planar resonator.

The criterion for the applicability of the theory of
a planar resonator can be written in the form[108113,114]

AL 1
=W

b4t

2 o 1 (41)
Lif 7 Ry g

2!
Lyf

(42)

where AL is the maximum difference of the optical
path in the resonator and N is the number of Fresnel
zones. Since N = 10-100 in solid-state lasers, the
theory is applicable for deviations from planarity
AL < (0.1—0.001)A.

The region of applicability of the theory of the
spherical resonator is determined from the condition
that the dimension of the spot on the mirror be

7
2 A 7
e g e ]
Equivalent
FIG. 8. resonator
F\@ £
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FIG. 9. Dependence of diffraction losses in a ribbon resonator

with mitror width D on the mirror misalignment angle Ag = AL/D.

smaller than the dimension of the mirror; this condi-
tion can be written in the form

AL 1

" TN
As a rule, this condition is always satisfied, and in
the case of axially-symmetrical resonator deforma-
tion one can use for a rough estimate of the mode
parameters (for example, angular divergence) the
theory of the spherical resonator (108] 1 particular,
it follows from this that when condition (42) is satis-
fied the relative broadening of the angular divergence
of the lowest mode of a planar resonator does not
exceed ~2.

The characteristics of the resonator modes may
be greatly influenced by an uneven distribution of the
pump over the cross section of the active rod. It is
shown in (115118 that in the case of non-uniform in-
version the radiation energy ‘‘spreads out’’ from the
region of large inversion to the region of small in-
version, thus causing deformation of the modes. The
effect of inversion saturation in multimode ]generation
on the excited modes is considered in 11%15],

Besides the near-axis modes considered above,
total internal reflection from the side walls of the
active rod can cause excitation of modes whose
propagation direction makes a large angle to the
resonator axis and which lead to dissipation of the
excitation energy (parasitic modes) (11&11%) The
modes of a dielectric resonator are considered
theoretically in (120} Ap effective method of suppres-—
sing parasitic modes is roughening the side surface
of the rod or the use of an immersion sheath [3:121,122},

FIG. 10. Generation intensity
P, and threshold pump intensity
Piy; vs. mirror reflection
coefficient (CaF,:U*",

T = 78°K). Curves 1 and 2 —
Py (1 — threshold ratio n = 10,
2-n=6.7),3 - Py,

Besides diffraction losses that depend on the
resonator shape, solid-state laser resonators involve
losses due to inactive absorption and light scattering
in the medium. Data on the absorption and scattering
in some media are given in Table VII. Usually the
losses in the resonator are determined by measuring
the dependence of the threshold intensity Pthy and
the generation intensity Pg on the resonator-mirror
transmission (see expressions (7)—(17)[11,281051y
Typical plots of Pthr and Pg against the mirror
transmission are shown in Fig. 101!}, We see that,
in accord with the conclusions of the elementary
theory, there is an optical mirror transmission, for
which the generation power is a maximum.

The losses othr and og measured in a number of
active media are listed in Table X (the subscripts thr
and g correspond to losses determined from the
threshold and from the generation power). For
crystalline media, o'g/2l is usually close to the value
of the small-angle scattering coefficient. In a laser
using high grade neodymium glass, o, is close to the
average diffraction loss brought about by the modes
(see expression (38)) (105) 1t is shown in (?81%! that
Cthr ~ Og for the case of neodymium glass this is
apparently due to the uneven distribution of the pump-
ing over the cross section of the rod and to excitation
of generation at threshold in only a small fraction of
the rod cross section. In the case a large threshold
ratio, saturation of the inversion leads to equalization
of the inversion over the cross section, and the Q of
the resonator increases. One of the possible causes
of the lower loss in multimode generation may also
be the presence of strong coupling between modes
(see Sec. II).

Table X
|
Reso- Cthr °g }
Rod Rod — =X s : 1
. R t X : Litera- |
Active medium 1::;{]’ length [, | diameter, ‘.’l.1 _’[_1 | ture .
cm cm cm cm cm . ;
{
: !
CaFy: Sm2+ 3 3 0.8 | U1 0,02—0.03 1L, 28
Neodymium glass 28 8 0.5 0,025 0,005 105
CaWQ, : Nd3+ 5 5 0.026 123
Ruby 32 6 0.7 0.02 0.030 (L
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FIG. 11. Interference patterns of neodymium-glass (a, b) and
ruby (c, d) before pumping (a, ¢) and after pumping (b, d).

In the case of optical pumping of the active rod,
nonradiative transitions in the medium cause heating
of the rod and deformation of the resonator [125-1321,
If the heating is uniform, the rod becomes longer;
consequently, and also as a result of the temperature
shift of the luminescence line, the generation spec-
trum is displaced. The effect of uneven heating of the
rod is stronger, since it causes distortion of the
resonator shape, leading in turn to a change in all the
laser emission characteristics, including the angular
ones. In practice, the heating is always uneven, owing
to the uneven distribution of the pumping over the rod
cross section and the finite thermal conductivity of
the material. The latter circumstance is particularly
important for continuously or periodically operating
lasers (1%, In the case of pumping by means of one
short pulse, the temperature distribution in the rod
coincides with the distribution of the heat release.
The main factors causing deformation of the rod are
the dependence of the refractive index of the medium
on the temperature and the birefringence in the sam-
ple, caused by thermal stresses.* If we neglect the
photoelastic effect, then the presence of a tempera-
ture drop AT in the rod gives rise to an optical path
difference AL in the rod, equal to

dn
AL:l-d—L—AT.

Examples of interference patterns characterizing the
thermal deformation of the resonator are shown in
Fig. 11.

To eliminate thermal deformation it is necessary
to ensure uniform pumping of the active rod, which in
practice is difficult to realize. More promising is
the development of pumping systems that ensure
axially-symmetrical distribution of the pumping, lead-

*When [ > D, the bending of the end surfaces of the sample is
quite small and can be disregarded [**°].
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ing to spherical deformation of the resonator. In this
case the resonator Q may increase (see, for exam-
ple,[m”), and optical compensation of the deforma-
tion is also possible [105,127,130,180]

3. Optical Pumping Systems

The system for optically pumping a solid-state
laser consists of a pumping source and a device for
focusing the pump radiation on the active rod
(illuminator). It affects not only the energetics of the
laser but also, by shaping the pump-radiation field in
the rod, the angular characteristics of the emission.

a) Pump sources. The main requirements that
must be satisfied by a pump source is a large radia-
tion energy yield in the absorption bands of the active
medium and high intensity, making it possible to pro-
duce in the active rod a radiation density much in
excess of threshold.

The sources most widely used at present are
plasma sources—tubular xenon flash lamps and xenon
and mercury arc lamps. The requirements spelled
out above are to some degree contradictory in the
case of plasma sources. To ensure a large radiation
yield it is desirable that the source have a selective
emission spectrum corresponding to the pump bands.
At the same time, to obtain a large brightness, the
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FIG. 13. Spectral distribution of brightness (W/cm? X-sr) of the

emission along the axis of a xenon arch-lamp discharge channel
d =3 mm, p = 8 atm, P, = 4.45 kW).
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Table XI
Energy yield, %
Xenon flash Xenon arc
Spectral lamp [134] lamps [+9]
intervals,
nm IFP -400, - * —
W ogp =150 7, 2:23&‘ ’ 2;5’;‘?&'.’
7= 1000V P=12,46 kW P=3.1 LW
400—500 7.5 4.5 4.0
500—600 6.8 4.3 3.8
600—700 5.2 3.5 3.6
700—800 3.3 3.4 3.8
800—900 2 9.3 11.6
900—1000 - 7.6 9.7
400—900 24.8 25 26.8
400— 1000 32.6 36.5
*D — diameter of luminescent body.

temperature and the density of the electrons in the
source plasma must be high, and then the plasma
emission spectrum becomes continuous %3 Figures
12 and 13 and Tables XI and XII show certain charac-
teristics of xenon flash and arc lamps 1347138}, 1t g
seen from the foregoing data that the emission spec~
trum of flash lamps is continuous and that of arc
lamps is for the most part a line spectrum. The
brightness temperature is (1—1.8) x 10* °K in the
former case and (4—7) x 10% °K in the latter. The
radiation energy yield of flash lapms depends little
on the discharge conditions and the lamp parameters,
increasing with increasing luminescent body in the
lamp [434,135,137) " ynder the normally employed
operating conditions of flash lamps for pumping, the
discharge plasma is practically opaque in the spec-
tral region 530900 nm during the pulse duration
(measured at 0.3 of maximum) [137,50]  The discharge
brightness in tubular xenon lamps is limited by the
mechanical strength of the quartz tube. The limiting
electric energy per flash, above which the flash lamp
is damaged, can be estimated from the relation 134!

Wiim ~ &V lpul s
where t; ;] is the duration of the flash, and K is a

constant that depends on the construction and dimen-
sions of the lamp. The radiation intensity of flash
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Table XII. Energy yield of xenon flash
lamp in the ruby and neodymium-glass

pump bands
Energy yield, %
Active Absorption IFP _490, IFP-15000,
medium band, am | W g =150 . Weff =
— =12 kJ,
U=1000y 720y
Ruby 390—440 3.4
520590 | 6.7 [ ~ 10 17
Neodymium- | 500—550 4.8
glass 570—600 | 2.8 |
730—760 1.3 } — 11
790—825 1.2 J
865—890 0.8 .

lamps can be increased at the expense of shortening
the flash duration by using the so-called double-pulse
mode, in which a short powerful pulse (10—50 usec)
is superimposed on a relatively long discharge pulse
(greater than 100 usec)'®8-140) This method of op-
erating the lamp provides a much higher value of
Wlim, because the long pulse effects preliminary
plasma formation. It must be borne in mind that the
ultraviolet component of the lamp emission increases
in such a mode.

Use of electrodeless argon flash lamps for pump-
ing is now under study[l‘“’m]. These lamps yield
intense flashes of 1—-10 usec duration at repetition
frequencies up to 100 Hz.

Besides xenon and mercury tubular arc lamps,
continuously-acting lasers are optically pumped by
iodine incandescent lamps (laser based on
CaF,: Dy%*, YalG:Nd®* “44’145]) and also by solar
radiation (laser based on CaF,:Dy?* [146,147)

Cawo, : N&®* [1471’ YAIG: N&3* “8], and neodymium-
glass [“9]) . Continuous lasing of ruby was attained
with the aid of mercury arc lamps 150,151)  The en-
ergy yield of the radiation from such sources is
listed in Table XIII.

The majority of the aforementioned pump sources
have a continuous emission spectrum, so that their
efficiency is relatively low. In this respect, interest
attaches to pump sources which have not yet been
fully developed technically, but which provide highly

Table XIII
Energy yield, % Radiation
Spectral ower
intervals, Iodine lamp, D = 5 mm [***] Mercury arc density of
nm p = 75atm, the sun,
P=0.6 yw P =288 kW P=1 yw W/sz
400—500 o 1.9 — 2.01-1072
400—450 — —_ 8 —
500—600 0.7 3.7 10 2,02.10-2
600—700 1.66 5.2 10.4 1.6-10"2
700800 2.67 5.4 — 1.32-10—2
800—900 3,5 5.4 — 1.06-102
900-—1000 4.25 5.4 — 0.83-1072
400—1000 12.9 27.0 — —
700—1400 — — 7.6 —
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active rod
pump lamp

24—
85—

FIG. 14. Illuminators: a) elliptic cylinder [***]; b), c¢) many-
ellipse cylinders ['**'*°); d) circular cylinder [**!]; e) close-packed
illuminator [***'%?]; e) ellipsoid of revolution [*****']; g) elliptic
cylinder with the rod and lamp placed outside the foci [***]; h) cyl-
indet with cones ['*°]; i) coaxial system [*¢].

monochromatic radiation—semiconductor and cathode
luminescence radiators. GaAs diodes, whose emis-
sion wavelength lies close to 0.84 u, were used to
excite generation in CaF,:U%* crystals 1°2) and in
CaWoO,: Nd** crystals 15%], While having a high ef-
ficiency (up to 50% at T = 20°K), GaAs diodes have
so far not yielded large radiation power, making their
use as pump sources difficult.

A laser based on CaWQ,: Nd** and pumped by a
cathodoluminor is described in %4}, The theoretically
possible maximum energy yield of cathodoluminors
is 25—30% [195:158] and the value attained in practice
is 20% (ZnS - CdS-Ag, Aem,, = 580 nm)!%). The
maximum emission power from a unit of luminor
surface is limited by its thermal damage and by
saturation effects, and does not exceed
10—30 W/cm? [154.155). this just as in the case of
GaAs diodes, limits the application of cathodolumi-
nors for optical pumping.

A pumping source providing intense radiation of
short duration may be based on the pinch effect, but
the energy yield of such a source is smaller than that
of xenon lamps (157,

b) Illuminators. Many different illuminator con-
figurations have been developed by now, the principal
ones being shown in Fig. 14. With the exception of
the case shown in Fig. 14i, all illuminators use the
widely popular straight cylindrical lamps. The main
characteristics of the illuminator are its efficiency
w, equal to the ratio of the radiant flux incident on
the surface of the active rod to the total flux radiated
by the lamp, and the uniformity coefficient y, equal
to the ratio of the pump density averaged over the
rod cross section to the maximum density %), The
value of w, which greatly influences the energy
parameters of the laser, is determined by the con-

and ERMAKOYV

figuration and by the reflection coefficient of the
illuminator surfaces, the transparency of the lamp
and of the rod, and the ratio of their dimensions. The
coefficient v is determined both by the geometry of
the illuminator and by the optical density of the rod.
It must be noted that y is no less an important
parameter than w: besides affecting the laser ener-
getics (see expressions (7’) and (9°)), it greatly in-
fluences the character of the thermal deformation of
the resonator and, accordingly, the angular and spec-
tral characteristics of the laser emission. The
values of the threshold pump energy and the genera-
tion intensity at small excesses over threshold
greatly depends on the coefficient y: if the pump is
highly uneven (y <« 1), relatively low thresholds can
be obtained even in an illuminator of low efficiency [%%/,
At large threshold ratios, the generation intensity is
determined principally by the efficiency w of the il-
luminator. Illuminators in the form of elliptic and
circular cylinders and closely packed illuminators
(Figs. 14a, d, e) are most widely used, being simplest
and of adequate efficiency. A shortcoming of a
closely-packed illuminator is the highly uneven dis-
tribution of the pumping. Interest attaches, especially
from the point of view of uniform pumping, to il-
luminators in the form of ellipsoids of revolution and
of cylinders with cones (Figs. 14f, h). However, owing
to certain operating inconveniences, these illumina-
tors have not been widely used. A pump system with
a coaxial lamp and a cylindrically placed active rod
(Fig. 14i) ensures axially-symmetrical distribution
of the pumping; its shortcoming is the difficulty of
obtaining high pump radiation density in the rod,
especially if the latter is small. It should be noted
that such a pump system (with a large rod) was used
in 11881 {5 obtain a neodymium-glass laser having an

1 i

g

FIG. 15. Pump density distribution (u) over the cross section of

a polished ruby rod: k — pump-radiation absorption coefficient, cm™;
t, — radius of rod, p — running radius. 1,5,7 — kry = 0, 2 — kr, =
0.625, 3,6,8 — kry = 1.25, 4 — kr, = 2.5; 1,2,3,4 — radiation isotrop-
ically incident on the surface of the rod, 5,7 — radiation isotropic
in a plane perpendicular to the cylinder axis, 6,8 — radiation inci-
dent perpendicular to the cylinder surface.
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Table XIV
Distance| Dimension of lamp
T Major |Diam- l;itwee‘f‘ and rod o ,
of illiﬁsnator axis, eter, theefaronp‘ expe’ri- calcu-
mm WM ) and rod, |Diameter,| Lamp mental lated
mm mm
Elliptic 100 40 5 45 0.36 0.38
cylinder 100 40 8 80 0.49
19 9 8 80 v.61
20 9 8 80 0.58 0.64
30 9 8 80 0.7 0.67
Circular cylinder 44 9 8 80 0.67 0.62
60 9 8 80 — 0.6
70 9 8 80 0.66 —
71 9 8 80 0.64 0.56

efficiency of 5.1% (for more details see Sec. IV, 1).
Silver or aluminum coatings with selective reflection
are deposited on the surfaces of the illuminators 167),

The efficiency of illuminators in the form of ellip-
tic or circular cylinders, with optimal parameters,
can reach 0.7—0.75 %9,

To obtain larger pump densities, multilamp il-
luminators with elliptic reflectors are used (Fig.
14b, ¢). In such illuminators, the diameter of the
lamps is usually smaller by a factor 1.5—2 than the
diameter of the rod. When the lamp and rod diame-
ters are equal, the increase in the pump density
(compared with single-lamp illuminators) does not
exceed a factor 1.3—1.7, while the efficiency of the
illuminator is decreased (1%,

Calculations for illuminators—elliptic (including
multi-lamp) and circular cylinders—is described
in [159:160,50]  paple XIV lists the results of a compar-
ison of the calculated values of w and those obtained
experimentally for a number of illuminators, for
equal lamp and rod dimensions (501, INluminating
systems using helical lamps are less efficient than
those considered above, but they are sometimes used
for pumping rods of large cross sections 122] Tpe
distribution of the pump density over the rod cross
section was investigated experimentally in [50,188)
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FIG. 16. Dependence of the total laser emission energy (1), the
energy of the first pulse (2), and the power of the first pulse (3) on
the shutter switching rate.

(neodymium glass) and 189) (ruby), and calculations
of the distribution were performed in (169-171] Figure
15 shows the pump distribution over the rod cross
section, calculated without allowance for the bleaching
of the material 17 (allowance for bleaching is made
in 1™), The experimentally measured value of the
uniformity coefficient for illuminators in the form of
elliptical or circular cylinders is 0.7—0.75 ts0l,

In conclusion we note that to increase the pump
radiation density in rods the latter are frequently
surrounded by an immersion sheath (see, for exam-
ple, 1158]y | If the sheath is sufficiently thick, the gain
reaches a value equal to «.

4. Optical Shutters

The main requirement imposed on the shutter of
a monopulse laser is rapid switching and slow losses
in the open state. It is known that in the case of in-
stantaneous switching of the shutter, the generation
pulse lags the instant of switching by a delay tsh
~ At/kyl, where At is the time of flight of the quan-
tum in the resonator and k,! is the initial amplifica-
tion in the rod 1%2538) In practice tgh =~ 20—80 nsec.
It is obvious that the time tf necessary for complete
opening of the shutter, should be shorter than tgy,
and therefore it can be assumed that the shutter pro-
vides practically instantaneous switching if tg
=< 20 nsec. Slow switching of the shutter (tgh = 20 nsec)
usually leads to excitation of several generation
pulses in succession, i.e., to violation of the mono-
pulse regime (see, for example, 172)).

Figure 16 shows the effect of the value of tf on
the energy characteristics of a ruby laser with a Kerr
cell 13, Violation of the monopulse regime occurs
when tf > 100 nsec, and is accompanied by a decrease
in the energy and power of the first pulse (curves 2
and 3).

Let us examine briefly the most widely used
shutter types.

The existing shutters can be divided into three
classes: optical-mechanical, electrooptical, and
passive saturable.
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FIG. 17. a) Diagram of laser with rotating prism, b) Diagram of
laser with Daly-Sims shutter. 1 — active rod, 2 — plane-parallel
plate, 3 — rotating prism, 4 — semitransparent mirror.

A rotating total-internal reflection prism, acting
as a resonator mirror, is the simplest shutter suit-
able for work with all principal active media (Fig.
17a). The rotary prism speed necessary to ensure
the monopulse regime depends on the length of the
resonator and on the initial gain in the medium. For
a ruby laser (L = 50 cm) the required speed is
usually not less than 5 x 10* rpm 2], and for a
neodymium-glass laser not less than 2 X 10* rpm

A substantial reduction in the switching time is
ensured by using a plane-parallel total-internal-re-
flection plate in conjunction with the rotating prism
(Fig. 170)11%), Thus, at a prism speed of 3 x 10* rpm
we have tf = 1000 nsec (for a ruby laser), and
~70 nsec in the case when a plate with 12 reflections
is used. An advantage of such a shutter is that the
off time is much longer than the on time.

Shutters based on the Kerr and Pockels effects
have the lowest inertia and afford a switching time
tf < 20 nsec. In the Kerr cell, one uses liquids having
birefringence and a large Kerr constant, such as
nitrobenzene 7] and in the Pockels cell one uses
birefringent ferroelectric crystals, such as KHyPO,
(KDP), KD,PO,, and others {17,177} | Diagrams of ruby
lasers with shutters made of Kerr or Pockels cells
are shown in Fig. 182531, In Fig. 18b, a constant
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FIG. 18. Diagrams of lasers with !
electro-optical shutters. 1,5 — 100% ﬂ ! t
and semitransparent mirrors, respec- b)a Z — E
tively; 2 — polarizer; 3 — shutter 7 T 2 4 5
cell; 4 — active rod. The relative
orientations of the polarization : } —Ji/z !
planes are designated by the arrows. C)% C— E
(A

blocking voltage is applied to the plates of the shutter
to ensure a path difference of A/4, causing the shutter
to be closed. When this voltage is removed by appli-
cation of a pulse, the shutter opens. In Fig. 18a, the
shutter is opened by applying to its plates a voltage
pulse producing a path difference A/2. The polarizer
is used in these schemes for a more reliable shutting
of the shutter, making it possible to produce a large
inversion in the rod. Figure 18b shows the diagram
of a monopulse generator with two crystals and a
shutter between them [178],

To increase the power of the monopulse generator,
a scheme was proposed in (35) for rapidly varying the
transmission coefficient of one of the resonator
mirrors from ~0 to ~100% at the instant when the
maximum radiation density is attained in the reso-
nator. The generation pulse duration approaches in
this case 2 At. A modification of such a scheme was
realized in a ruby laser [281], and also in a laser us-
ing glass with Nd®* and CaWO,:Nd3* (28] Kerr and
Pockels cells can be used in monopulse generators
with neodymium glass (1", an additional polarizer
being required to polarize the radiation of the glass.

Table XV lists the values of the voltages required
to produce a path difference A/2 in different sub-
stances at wavelengths 0.695 and 1.06 u.

Recently much attention has been paid to passive
shutters, based on the effect of bleaching certain

Table XV

Voltage necessary to produce a path
difference of A/2, kv [17%'7°]

Substance Type of cell
A=0.695 i ‘ =1.06 p
KHyPO(KDP) — 10 15.5 Pockels
KDo,PO, 4.3 6.6
NH,H,PO,(ADP) — 12 - 20
KH,AsO, 7.9 12
RbH,PO, 9.3 14.2
Nitrobenzene _ 0,3d )
@21p;)e
d— linear aperture
I — length of shutter plates Kerr
By _g.g95 = 2.9-1075 cgs esu.
By _ 4 06 = i1.5.10-5 cgs esu.
For d=1cm, [ =8 cm;
— 15 - 20
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Table XVI
Dimensions of Resonator W;:k- Radiated
Active active medium tem}g)er- Pump ) . Thresh- | energy | Effici-|Liter-
medium D, IR L, R, |Configura-| ature, source Operating regime old, J and en;y, ature
cm cm cm % tion ° power °
)
Ruby 0.8 8 30 50 Planar 300 Xenon lamp Pulsed, uncontrolled 150 4 J 0.7 163
Ruby 0.64 7.6 30 50 Planar 300 Xenon lamp Monopulse—rotating- 80 007 J | 0.035] 273
prism shutter 2 MW
Ruby 1,6 |3x24+4 |200 5 Planar 300 Xenon lamp Monopulse, shutter— — 15 J - 198
412 Kerr cell and passive 8 GW
filters
Ruby 1.55 | 204-20 {100 5 Planar 300 Xenon lamp Monopulse, passive 20 J 0.095 285
1.9 shutter 1 aw
Ruby 0.2 2.5 2.5] 90 Spherical| 300 Mercury Pulsed, uncontrolled 3 2w 0.22 280
<1:ap1llary with frequency 100 Hz
amp
Glass: Nd3t [ 1,8 94.1 100 3 Planar 300 Coaxial Pulsed, uncontrolled 5000 700 J 5.1 166
xenon
Glass: Nd3* | 0.8 80 28 Spherical | 300 lamp Pulsed, uncontrolled 9 1.2 J 2 105
Xenon lamp monopulse, shutter— 2] 08
rotating prism
Glass: Nd3+ | 4.5 3x25 [100 4 Planar 300 Xenon lamp Monopulse, passive 120 J 286
shutter 6 GW
Glass: Nd3*+ | 1.8 30.5 500 Planar 300 Xenon lamp Monopulse, passive 0.2 7J 287
shutter (self-capture 20 Mw
modes), Kerr shutter
(extraction of energ
' . . in accordance with [**])
YAIG:Nd3+ | 0,3 3 50 99.4 |Spherical| 300 Todine lamp Monopulse with fre- 500w | 1.5 w | 0.015 | 141
=25 cm quency 100 Hz, shutter-
rotating prism
YALG : Nd3+ 0.3 3 3 Spherical 300 | Sun, mirror ) 1 W 148
r==9cm diameter 61 cm| Continuous
YALG : Nd3+ 300 Argon arc Continuous 42 W | 0.085 | 197
CaF,: Dy2+ 0.7 7 77 Xenon arc Monopulse with fre- 0.05 w 65
lamps quency 200 Hz, shutter—
rotating prism

liquids in glasses under the influence of laser radia-
tion. In ruby lasers one uses for this purpose solu-
tions of cryptocyanine 1180, 181 ], phthalocyanines of
metals [18-18] glagses containing selenides and
sulfides of cadmium (1671818 1n neodymium lasers
one uses solutions of polymethine dyes (185-188)  pe
bleaching of the crypto- and phthalocyanines is the
result of the depletion of the ground state when the
laser radiation is absorbed.

The energetics of the processes occurring in a
laser with a shutter of this type is considered
in [189:181,130). it i agsumed here that the absorption
line is homogeneously broadened in the material of

the shutter; this is confirmed by the results of 1132:193)

The energy generated by a laser with a three-level
active medium and a passive shutter can be deter-

mined from the relation R

Eln1/R k A k ki \Psh)
At = (=) = () ) )
(297
where A and Agh are the cross sections for stimu-
lated emission in the active medium and for absorp-
tion in the bleached medium; the remaining symbols
are the same as in (29). From a comparison of (29')
and (29) we see that for a passive shutter to operate
effectively it is necessary to have Agh/A >> 1. In
the media employed, Agh/A = 10°—10°. Glasses con-
taining selenides and sulfides of cadmium are

bleached by absorption of laser emission as a result
of a shift of the absorption-band edge [1%3],

W=

Besides the most commonly used shutters men-
tioned above, the literature includes descriptions of
laser Q-switching with ultrasonic pulsed light modu-
lators 9] by application of a magnetic field (19283
or an ultrasonic field (34] o the active medium, and
by introducing into the resonator thin films that are
destroyed by the action of the radiation [106]

Passive shutters are also used in monopulse
generators to realize a mode self-capture regime
(see Sec. 1V, 4). Another interesting application of
passive shutters that become bleached only at a
finite value of the light-wave field and having large
active-particle concentration [284], is their use as
decoupling elements, which make it possible to re-
duce greatly the duration of the generation pulse in
multistage lasers (1961,

IV. CHARACTERISTICS OF LASER EMISSION

1. Energy Characteristics

The main energy characteristics of a laser are the
threshold pump intensity, the generation emission
intensity, and the efficiency. Table XVI lists the
energy parameters of a number of lasers. The max-
imum efficiency (50%) has been attained at present
in neodymium-glass lasers. The highest generation
pulse repetition frequencies (100—300 Hz) have been
obtained in a monopulse laser using continuous pump
sources [6%144151) 'We confine ourselves in this sec-
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Table XVII
Limiting
Active medium Pump source efficiency,
%o
Neodymium glass Pulsed xenon lamp -8
IFP-15000
Ruby The same —2%)
CaWO, : Nd3+ Xenon arc lamp - 1.7
CaFy : Dy2+ Iodine incandescent lamp - 1.3
*Account is taken of absorption from the upper working level.

tion to problems connected principally with the limit-
ing parameters of solid-state lasers and their limita-
tions.

Efficiency. The maximum efficiency of a laser,
for a specified pump source, can be obtained under
the following conditions:

1) the pump system efficiency w =1,

2) losses in resonator much smaller than In 1/R;

3) pump intensity much higher than threshold, i.e.,
n > 1,

4) optical density of active rod in the pumping
bands much larger than unity.

When these conditions are satisfied, we can ob-
tain from (9) or (17) and (9°) an expression for the
limiting efficiency:

We .S Y8\ 7.
Weff—_zi vpinit i

Table XVII lists tentative values of the limiting ef-
ficiency, calculated by using the data of Sec. IlI, for
a number of active media. As seen from Tables XVI
and XVII, the efficiencies attained by now in
neodymium-glass and ruby lasers are close to the
limiting values. The efficiency of these lasers can
be increased further only by increasing the optical
yield of the pump sources and by using sensitization
of the luminescence of the active media. The ef-
ficiency of a laser operating in the monopulse regime
is as a rule much lower than the efficiency of a laser
operating in the pulsed regime. This is caused by
two factors:

1) deterioration of the resonator Q by introduc-
tion of the shutter;

2) influence of superluminescence and bleaching
of the medium (an appreciable decrease of 7 as a
result of superluminescence was observed experi-
mentally for ruby in®", for CaF,:Dy?* in[?*) and
for CaF,: Sm?* in[28, An important factor in ruby
is also the increase of absorption from the %E level
at large inversions.

Generation Intensity. Let us consider the main
factors limiting the possibility of attaining large
generation intensities.

and ERMAKOV

1) In the monopulse regime, the generation inten-
sity is limited by superluminescence and by bleaching
of the medium (see Fig. 3).

2) Thermal effects. The heating of the active
material, which is inevitable in the case of optical
pumping, imposes limitations on the pump energy
that can be supplied. Owing to the deterioration of
the luminescence properties of the medium (line
width, quantum yield), heating raises the threshold and
decreases the generation radiation yield (see, for
example 18]}, We have already pointed out that the
resonator Q is adversely affected by thermal de-
formation of the rod if the latter is unevenly heated.
Deformation and the associated thermal stresses 1291
can cause damage of the rod. Interest attaches in this
connection to materials having a high strength, high
thermal conductivity, and low thermal coefficient of
expansion (ruby, garnet).

3) Damage of the active rod under the influence of
the generation radiation. It is known that when the
generation radiation density is appreciable, the ac-
tive material becomes damaged [19%-20], Neodymium
glass is characterized by the appearance of cracks
inside the rod 12 ], and ruby by prickles on the end
surfaces of the rod ['%%), The damage mechanism and
the associated nature of the interaction between the
radiation and the medium have not been sufficiently
investigated. Apparently an appreciable role in the
appearance of cracks in neodymium glass is played
by microscopic platinum inclusions, which absorb
radiation and cause local heating of the glass [200:201]
When the platinum inclusions are eliminated, the
limiting load in neodymium glass increases from
10® W/cem? to 10° W/em? and more (pulse duration
100 nsec). In ruby, the limiting load amounts to
~3x 10% W/em? 129, and for crystals with 60°
orientation of the optical axis, the limiting load is
20—30% higher than for 90° orientation. In 1% the
hypothesis has been advanced that the destruction of
the ruby is due to the occurrence of an elastic wave
in stimulated Mandel’shtam-Brillouin scattering.
However, it is shown in [288] that the cause of the
damage to the ends of the rod is spark breakdown at
the surface, produced under the influence of the laser
emission field.

A definite role in the damage to the media is ap-
parently played by self-focusing of the radiation, due
to nonlinear variations of the refractive index under
the influence of the strong light fields. These phe-
nomena can come into play even at radiation powers
~105—107 W (274],

4) One of the factors that can lead to a limitation
of the intensity of the stationary generation is the
finite time of nonradiative relaxations in the active
medium. An experimental study of the dependence of
the generation intensity on the pump power shows that
for all the basic active media this dependence retains
its linear character up to very high pump levels (see,
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for example, [67’“]). The threshold ratios at which
the generation power becomes saturated can be de-
termined with the aid of (12). For neodymium glass,
in accordance with the data of [2619] (4,, ~ 1.6

x 104 sec™h; dyy = 108 sec"‘), saturation should be
observed at n > 350. Thus, this limitation is not
significant for the existing pump sources.

5) Nonlinear effects in a medium at large radia-
tion densities, which can lead to a limitation of the
laser power, are considered in 2%}, The estimate
given there shows that multiphoton processes limit
the ruby-laser power to ~10'? W/cm?.

2. Spectral Characteristics

In considering the laser emission spectra one can
speak of their gross structure—location of the emis-
sion bands—and the fine structure of these bands.

The position of the emission bands (the generation
wavelength) is closely related to the spectral charac-
teristics of the active medium—the structure of the
luminescence centers, the level scheme, etc. When
varying the resonator Q and the active-medium
temperature, jumplike changes in the generation
wavelength are frequently observed, this being the
result of the competition between the different transi-
tions at which generation is possible. Thus, in laser
based on CaFZ:U3+ crystals with tetragonal-sym-
metry centers, the generation takes place in accord-
ance with a three-level scheme (A = 2.22 y) when
the resonator Q is low; at high Q, generation is in
accordance with a four-level scheme, with A = 2.51
when T > 250°K and A =2.43 ¢ when T < 250°K (11,811
Similar changes in the generation wavelengths were
observed also in the crystals CaF,:Sm?* 1]

CaWoO, : Nd3* 28] caF,:Nd3* [204], in ruby, the gen-
eration band splits into two components, at
T =~ 78°K [205]'

Particularly complicated are the generation
spectra that can be observed when the medium con-
tains interacting centers of different structure. Ex-
amples are the spectra of lasers with CaF,:U3*
crystals, which contain centers of different sym-
rnetry[m. Owing to the resonant excitation-energy
transfer and the deactivation of the centers of one
type as a result of induced transitions caused by
emission from centers of another type, a jumplike
change of A was observed within the course of a
single generation pulse, as well as simultaneous
generation at two or even three wavelengths. The
foregoing phenomena can be easily interpreted within
the framework of the method of kinetic equations,
with due allowance for the concrete features of the
level scheme of the medium (see, for example, [“’81]),

The fine structure of the generation emission bands
is determined principally by the properties of the
resonator, and also by the width and character of the
luminescence line broadening. The excited modes are

investigated experimentally with the aid of hi§h-
resolution spectral instruments (526795, 206-208] 1,
observing beats at difference frequencies 114,210,211
and also by investigating the spatial structure of the
radiation [198: 114,208}

The observed frequency difference between neigh-
boring modes with different axial indices is usually
close to C/2«L for resonators with flat mirrors; for
angular modes this difference is 3 x 107 4—7
x 1078 cm‘i, which is much higher than the calculated
values (see Sec. III, 2). However, allowance for the
deviations of the resonator shape from ideal results
in satisfactory agreement between the calculated and
experimental data (211, 212]

Time scanning of the spectrum reveals that in the
case of the spiked generation regime, each spike con-
tains either one mode (small threshold ratio, narrow
luminescence line) or a set of modes with different
axial indices; this set changes from spike to
spike (95, 206, 208, 210’21”; when the pump power is in-
creased, the number of modes per spike is usually
increased. Similar regularities were observed also
for the angular modes [2%6,214,215] We note that in the
quasistationary (spikeless) regime, there is likewise
a continuous succession of excited modes, which can
be either regular or random (62, 212]

The total spectral width of the generation band is
determined by the number of the excited modes with
different axial indices. For a homogeneously broad-
ened luminescence line, the width of the generation
spectrum is quite small. Thus, for ruby this width is
usually 0.1—0.5 A for T = 300°K [298:213] The time-
averaged spectral distribution of the radiation has
usually a bell shape (%21, The width of the distribution
increases with increasing pump power (at small
threshold ratios [95’209]) and with increasing lumines-
cence line width, which in turn can be due both to an
increase in temperature and to an increase in the
activator concentration (e.g.[?161}.

All these regularities can be interpreted within the
framework of the Tang-Statz model, in which account
is taken of the spatial mode competition (Sec. IL. 2).
A gquantitative comparison of the experimental and the
calculated data was carried out for the case of a
CaF,:Sm?* laser %2} operating in the quasistationary
regime; the agreement between these data is per-
fectly satisfactory (Fig. 19).

To eliminate nonuniformity in the distribution of
the radiation in individual modes along the resonator
axis, which leads to multimode generation, a travel-
ing-wave ring laser was used in [93], a laser with
axial displacement of the active rod during the time
of generation in [217]’ and in '2'%) a laser was used in
which the components of different polarization, corre-
sponding to one mode, were shifted relative to one
another along the resonator axis by A/4, so that the
total radiation intensity was uniformly distributed
along the axis. In all these cases, the expected sharp
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FIG. 19. Distribution of generation intensity among the spectral
bands as a function of Av/(c/2«L). Sample temperature: a — 15°K,
b — 40°K, x — experimental data (time-integrated radiation inten-
sity pertaining to individual bands, in relative units), O — calcu-
lated data, dashed — luminescence line contour.

reduction in the generation-spectrum width was
observed.

For an inhomogeneously broadened luminescence
line, the width of the generation spectrum can be
quite large. In particular, the width of the generation
spectrum of a neodymium-glass laser exceeds by
several times the value calculated with the aid of (36)
and reaches ~50 A (for example, [208:218])

The spectral width Awy, of individual modes is
quite small and is determined by the duration of the
spikes At (Avp At ~ 1)£207,210,220,95]_ A value of
AvpAt < 1 for a ruby laser was obtained only in
thus evidencing the presence of coherence between
individual spikes.

The presence of negative anomalous dispersion in
the active medium leads to the effect of mode
“pulling”’ in the laser, i.e., to a decrease in the fre-
quencies between the modes with different axial in-
dices. This effect was observed in lasers based on
ruby (%) caF,: Dy?*, and CaF,:U%* (953, For a
Lorentz line shape, the magnitude of the pulling, de-
termined by the ratio of the frequency difference be-
tween neighboring axial modes Av to the quantity
Avy = C/2«L, is given by the relation (95

ﬂ_: Avy

Avy A tum +Avy
where Avy = Co/4rkL is the width of the resonator
pass band. Thus, the pulling effect is the larger the
smaller Ay and the lower the @ of the resonator.
For a Gaussian line shape, besides the ‘‘condensa-
tion’’ of the spectrum, the condition for equal spacing
of the axial modes is violated. In accordance with the

[221]
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FIG. 20. 1 — active sample; 2 — mirror; 3 — Fabry-Perot inter-
ferometer; 4 — dispersing prism.

foregoing, in ruby the pulling effect turns out to be
small, whereas in CaF,:Dy?* (T = 80°K) the value
of Av/Ava was 0.7—0.9 and the axial modes were no
longer equidistant.

The generation spectrum is strongly influenced by
thermal effects. The heating of the sample by the
optical pumping leads to a shift of both the lumines-
cence line and of the resonant mode frequencies,
owing to the change in the optical length of the rod.

A drift of the generation band, due to the shift of the
luminescence line, was observed in ruby lasers 1205, 222]
The shift of the mode frequency, due to the change in
the optical length of the resonator, is described in [223];
in the case of a prolonged generation pulse, a smooth
shift of the mode frequency, corresponding to the
change in the resonator length, was accompanied by
jumplike frequency shifts, due to the faster tempera-
ture shifts of the luminescence line. Similar thermal
effects were observed in laser based on

CaF,:Sm?* [20%52) ang CaF,: Dy?* (%), For a ruby
laser, the shift in the generation spectrum for a
change in temperature from 30 to 350°K is

12—15 A [222) and for a CaF,:Dy?* (at T = 20°K—
80°K) it is 2 A.

The laser generation band width is narrowed by
means of spectral selectors. The main types of
resonators with spectral selectors are shown in Fig.
20. The most frequently used selector is a Fabry-
Perot interferometer, used either as one of the reso-
nator mirrors (Fig. 20a), or placed in the resonator
in such a way that its axis is inclined at a small
angle to the resonator axis (Fig. 20b). Since the re-
flection cuefficient of the interferometer has, in the
case of small angles of incidence, a periodic depend-
ence on the radiation frequency, with period ~C/2t
(t—optical thickness of the interferometer), the de-
pendence of the resonator Q on the frequency turns
out to be modulated at the frequency corresponding to
this period. As a result, for different interferometer
parameters one can observe both narrowing of the
generation band (the modulation period is comparable
with the generation line width), as well as a spreading
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FIG. 21. Angular divergence of
emission (CaF,:Sm?" [*]).

out of the laser frequency spectrum*). To increase
the selection effect, several standards are used
simultaneously (2261

The use of two interferometer-selectors in a
CaWO,:Nd®* laser 221] has made it possible to
reduce the number of axial modes from 400 to 1;
in a neodymium-glass laser, the spectral width was
reduced to 1 A without changing the generation
power tatal

Of interest is the so-called dispersion resonator
(Fig. 20c), which makes possible selection and con-
trol of the generator wavelength as a result of the
dispersion of the material of a prism placed in the
resonator 2291, Such a resonator was used to obtain
generation at the R, line of ruby [229)4  and to
demonstrate the feasibility of controlling the wave-
length of neodymium-glass laser within a wide
range lz2]

It must be noted that the spectral selection is
usually associated with a certain decrease in the
generation power, due both to the inevitable additional
losses introduced into the resonator and to the de-
crease in the number of the excited centers partici-
pating in the generation when the generation spectrum
is broadened or made narrower (2331,

In conclusion, let us consider briefly the main
experimental results on the spectra of monopulse
lasers. The spectral characteristics of the emission
of such lasers depend on the type of shutter em-
ployed. In a laser with an optical-mechanical or
electrooptical shutter, the emission spectra have a
complicated structure and are similar to the time-
averaged spectra of lasers operating in the pulsed
regime, but the width of the spectrum is somewhat
smaller %97}, The use of spectral selectors (in view
of the large gain in the medium in the monopulse
regime, the selectors consist of plates or stacks

*The spreading of the spectrum was observed also in compos-
ite generators, consisting of several rods with partially reflecting
end surfaces (see, for example, [22%**]).

tGeneration at the R, line was also obtained by using a reso-

nator mirror with a natrow-band reflecting coating {#°] and by using

the differences in the rotation of the polarization planes of the R,
and R, lines in a quartz plate [*'].

without reflecting coatings) makes it possible to
greatly reduce the generation spectrum: In [401, re-
placement of the reflecting mirror by a plate caused
the spectrum of a ruby laser to narrow down from
0.3—0.7 A to 0.05 A; the use of a stack in a neody-
mium-glass laser has made it possible to narrow the
spectrum down to 0.03 A (971 The use of passive
shutters leads to an appreciable narrowing of the
generation spectrum. For ruby in a resonator without
a selector, a spectral width smaller than 0.02 A was
attained [18%) and in a resonator with a selector, the
value is less than 1073 A4} A spectral width
smaller than 0.02 A was observed in a neodymium-
glass laser (2351,

A possible explanation of the narrowing of the
spectrum of a laser with passive shutter is that when
this type of shutter is used the generation pulse builds
up during its initial stage relatively slowly, at ap-
proximately the same rate as the individual emission
spike in a laser without a shutter, so that the number
of modes is approximately the same in both cases 1234},

We note that in 12362371 the relatively narrow spec-
trum of the individual generation spike is attributed to
the possible damping of modes with small Q during
the prolonged transient time. Although such a point
of view is at first glance plausible (see, for exam-
ple, (27} concerning the influence of the rate of switching
the shutter on the generation spectrum width), many
details of the mechanism of spike formation are not
clear and this question calls for further study.

3. Angular Divergence of the Laser Radiation

The far-zone radiation distribution of solid-state
lasers with flat resonator mirrors is usually in the
form of a spot surrounded by concentric rings (Fig.
21). The greater part of the total radiation intensity
lies in the spot (see, for example, [16]), so that it is
precisely the dimension of this spot which is defined
as the angular divergence. As a rule this quantity
greatly exceeds the diffraction limit, which is equal
to ag = A/D. The reason for this difference may be
either the excitation of a large number of angular
modes or a large angular width of the radiation of
individual modes.

X x - Experiment
- ~- Calculation
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FIG. 22. Number of angular modes m as a function of the reso-

nator length (neodymium glass [*¢]).
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Inasmuch as the majority of the experimental data
on the angular divergence are highly varied and in-
sufficiently systematized, it is difficult to draw the
line between the influences of these factors. In per-
fect resonators, as shown in Sec. III, 2, the angular
divergence of the radiation of individual modes in-
creases. Experimental investigations have shown, in
accord with the theory, that even small distortions in
the resonator shape are sufficient for an appreciable
deformation of the modes. Thus, in the case of a
ruby laser, the modes that could be identified with the
modes of a planar resonator were observed only for
isolated samples of crystals that were highly homo-
geneous optically ( AL = A/10); for rubies of
medium quality (AL 2 A/4) the modes were too dis-
torted to be identifiable (28], Considerable mode
broadening was observed when the mirrors of a
neodymium-glass resonator were only slightly mis-
aligned: The mode angular divergence doubled when
the angle between mirrors was 40” (rod diameter

8 mm, resonator length 100 cm)[m]. A similar effect
is exerted on the angular divergence by elastic or
thermal deformation of the rod (see, for

example, [214, 128]) .

If the active rod contains inhomogeneities with an
axially-symmetrical refractive-index gradient, the
angular divergence of individual modes can be inter-
preted quite adequately by using the deductions of the
theory of spherical resonators (see Sec. III, 2){240:108],
It must be noted that observation of individual angu-
lar modes is possible as a rule only at slight thresh-
old ratios (angular selection will be discussed
later) (108] In the case of greater practical interest,
that of large threshold ratios, a large number of
modes is usually excited and the central spot in the
far zone has no ordered structure 16,

The angle obtained in [?4!) for high-grade rubies
was a ~ ag; o increased by a factor of several
times with increasing pump energy; this increase
was accompanied by low-frequency beats, pointing to
the presence of several angular modes in the genera-
tion.

In the case of a planar resonator, it follows from
(36) that the number of excited angular modes m is
determined by the ratio of the nonselective and dif-
fraction losses, and should therefore depend on the
length L and the diameter of the resonator (see
Table VIII and (39)). The dependence of the angular
divergence «, and correspondingly of m =~ a/ad, of
emission from a laser using high-grade neodymium
glass on the resonator length was investigated in (16}
(Fig. 22). Since the losses were close in this case to
the diffraction value [105], it is possible to compare
the experimental results with those of a calculation of
the number of excited modes within the framework of
the Tang-Statz model (relations (37) and (32)). As
seen from Fig. 22, the agreement between the calcu-
lated and experimental data is perfectly satisfactory.
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It was established here that the generation power re-
mains practically unchanged when L increases, up
to values corresponding to a =(1.5—2)aqg; at larger
L, the decrease in the power becomes noticeable,
which again corresponds to results of estimates
within the framework of the Tang-Statz model 6] ¢
has turned out, in accord with (37), that @ does not
depend on the threshold ratio n if n £ 2. The data
obtained in %) allow us to conclude that the Tang-
Statz model describes satisfactorily not only the time-
averaged spectral characteristics of the laser emis-
sion (see Sec. IV, 2}, but also the angular character-
isties, provided the active medium and the resonators
are of high grade. At the customarily employed
resonator dimensions, one can regard as high grade
those rods and resonators with a maximal optical-
path difference AL < (0.05—0.1)A (see Sec. III, 2).
The angular divergence « in a laser with rod made
of an inhomogeneous material, such as ruby, is
relatively large. With increasing resonator length, «
decreases but then the generation power begins to
decrease rapidly long before o approaches the value
ad: the threshold pump power also increases (242),
Therefore, with increasing L the brightness of the
laser beam reaches a maximum value and begins to
decrease. This case can be qualitatively interpreted
by assuming that in a less-perfect resonator even
the lowest modes have a complicated structure [“3],
and that an increase in L leads to a sharp increase
in the diffraction losses (see also[%%3)). We note that
the analysis and interpretation of numerous experi-
mental results on the angular divergence of laser
emission, for lasers using such an inhomogeneous
material as ruby, are frequently quite difficult, since
these results depend not only on the concrete form of
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the inhomogeneities in the crystals employed, but
also on the magnitude (and distribution) of the light
scattering in the matter. The role of light scattering
in the formation of the angular divergence of laser
emission is quite large °%18) put the influence of
light scattering has not yet been investigated theo-
retically. This influence was studied experimentally
in 18 for lasers with CaFZ:Sm2+ crystals, which,
being macroscopically just as homogeneous as neody-
mium glass, have appreciable light scattering
(0.02—0.04 cm™). The dependence of the angular
divergence « and the generation power P on the
resonator length is shown in Fig. 23. We see that

a is quite large for small values of L, and varies
with the resonator length in proportion to 1/vV L. A
decrease in the angular divergence, down to values
~2ad, is not accompanied by an appreciable increase
in the laser emission power. The relatively large
angular divergence of the emission in the presence of
light scattering is due apparently to the formation of
coupled modes with a large overall angular divergence
(see also[52’298]). The coupling between the individual
modes of a planar resonator in such a set of modes
is effected by the scattered radiation, and is quite
weak, in view of the relatively low intensity of this
radiation, thus making it possible to reduce the angu-
lar divergence without entailing appreciable radiation
power losses. Similar concepts can explain qualita-
tively the « ~ 1/VL dependence, and also the forma-
tion of rings around the central spot 161, The angular
radius and the width of such rings correspond to the
radius and width of the Fabry-Perot interferometer
rings, since the planar resonator acts like such an
interferometer for radiation with a frequency equal
to the emission frequency in the central spot (see,

for example, [16:238:244]y  These data, and also the
results of [245], show that the formation of rings is a
result of interference and amplification of the scat-
tered light, and it is apparently more correct to
speak of complex coupled modes whose radiation fills
both the central spot and the rings 245161,

In addition to angular-mode selection by increasing
the resonator length, different angular selectors are
used to increase the losses for the angular modes.
The operation of a selector with a Fabry-Perot inter-
ferometer is based on the fact that the transmission
of the interferometer depends not only on the wave-
lengths but also on the direction of the radiation, and
therefore the Q of modes with a large directivity
pattern turns out to be considerably reduced if a
suitably selected and adjusted interferometer is in-
troduced into the resonator. The use of two inter-
ferometers, in which selection in two mutually per-
pendicular directions is effected, has reduced the
angular diver%ence of a ruby laser with a low-grade
ruby to 4’ (246 The operating principle of the selec-
tor shown in Fig. 24a is based on the fact that the re-
flection coefficient of the interface between two
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media depends strongly on the angle of incidence near
the critical total internal reflection angle [247], To
make the dependence of the Q on the angle more
acute, it is possible to use multiple reflections (see,
for example, 1)), The operating principle of selec-
tors with reflecting spheres (Fig. 24b)[248] and with a
diaphragm inside a telescopic system (Fig. 24c) (249]
is clear from the figure. These two schemes entail
an undesirable increase of the radiation concentration
in a small cross section, and therefore offer little
promise. It was proposed in 1250 ¢4 increase the
selecting properties of the resonator by depositing
the reflecting coatings only on the central part of

the mirror. This increases the diffraction losses of
all the modes (this is precisely the cause of the
selecting action), but the radiation which passes, as
a result of diffraction, through the uncoated section
is superimposed on the radiation passing through the
central semitransparent section, and is therefore
part of the useful laser emission. The use of such a
selection method in a ruby laser makes it possible to
obtain an angle o = ag at a threshold ratio 2.5, and
to increase the axial brightness by a factor of 15 (212]
To obtain generation at a lower angular mode, one
frequently uses a spherical resonator of such a con-
figuration, that the transverse cross section of the
lowest mode is equal to the cross section of the ac-
tive rod [2**), We note that in accordance with (%) the
angular divergence « in a laser with spherical
mirrors is determined by the angular divergence of
the mode whose transverse dimension is equal to the
rod diameter.

5. Temporal Characteristics of Laser Emission

The most typical of solid-state lasers operating in
the pulsed or continuous regime is the ‘‘spike’’
generation regime, in which a time scan of the radia-
tion intensity comprises a set of random oscillations—
spikes. It should be noted that such a regime was ob-
served for all active media using solid-state lasers,
without exception.* At first, attempts were made to
relate the radiation spikes with the transients in-
volved in the establishment of the stationary genera-
tion regime. It follows from a solution of the kinetic
equations for the single-mode case that there should
be observed at the start of the laser operation
periodic damped oscillations of radiation intensity,
with a period Ty = 27V 7t./(n — 1) (four-level scheme)
and an attenuation constant ty = 27/n, where t,
= 2Lk/C(c + In 1/R) is the lifetime of the photon in
the resonator, n is the threshold ratio (see, for
example,[”]). Similar expressions for T and t; can
be obtained also for a three-level medium (see [252]).

*It is assumed in many papers (see, for example, [**']) that
CaF2:Smer does not produce spike generation. It has been shown
in [5%], however, that spikes are produced in this material, too.
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FIG. 24. 1 — Active sample, 2 — mirror, 3 — prism with total
internal reflection, 4 — lens, 5 — reflecting sphere, 6 — diaphragm.

The experimentally observed dependence of the
average time interval between the random spikes on
the generation condition has turned out to be qualita-
tive similar to the corresponding dependence of T,
(see, for example, (253, 254]). However, the irregularity
of the spikes and the lack of a tendency for their
damping, even in the case of continuous generation,
have made it necessary to search for another explana-
tion of the spike regime (see below). Under certain
conditions, a spikeless generation regime can be ob-
tained, in which the summary radiation intensity is
constant or fluctuates insignificantly about a station-
ary value. Establishment of this regime is usually
accompanied by damped regular pulsations of the
radiation, in full agreement with the already indicated
single-mode model 193 255-259],

A spikeless generation regime is observed, as a
rule, under the following conditions: 1) The resonator
is spherical and confocal [%69-262) concen-
tric [294,259,263-268) 514 also in the form of a torus
2) The temperature of the active rod is low. A spike-
less regime was observed at low temperatures for
ruby 24, CaF,:sm?" 1%2] and CaF,: Dy?* (631, 8) The
resonator length is large 29254} and the resonator
losses small (%56:%621 A gmooth generation pulse was
observed also following axial mode selection [210) gpng
in a unidirectional ring laser!®), It is shown in [262
that an important parameter determining the genera-
tion regime is the ratio t;/T,.

When t;/ Ty < 10, damped radiation pulsations,
which went over into the spikeless regime, were ob-
served, when t;/T; increased the operation became
less regular, and when ty/T, 2 50 the spikes were
utterly random. In particular, more regular opera-
tion was obtained by an increase in the Pump intensity,
since it decreased ty/T, (for example, 264251y Ap
intermediate position between the operating regimes
described above is that of undamped regular pulsa-
tions, observed as a rule when the resonator has

fo871x

*Observation of a spikeless regime was also reported for the
case of a planar resonator (see, for example, [***?*°]. 1t is possible
that in this case the sphericity of the resonator was maintained by
inhomogeneities in the crystal or by thermal deformation.
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spherical mirrors* (2632642681 14 hag heen established
that when the mirrors are gradually moved from the
concentric position, the generation regime goes over
from the spikeless one to regular pulsations and
eventually to random spikes [263,264,268] We note that
in the case of regular pulsations, the generation con-
tains simultaneously a large number of modes dis-
tributed in a broader spectral range than in the case
of the irregular regime (2652681,

In conclusion, we shall dwell briefly on attempts
to interpret the foregoing experimental observation.
In a number of theoretical papers, the regime of un-
damped pulsations was described by taking into ac-
count the off diagonal element of the density matrix.

In view of the complexity of the initial equations, this
method was used to consider, in the main, generation
at one 18 or two (819! modes, which is insufficient for
a quantitative interpretation of the experimental data.

The temporal characteristics of the generation
were considered in'>#! in a multimode approximation
of the model of kinetic equations, with account taken
of the spatial structure of the emission. Although the
numerical calculations presented for different laser
parameters led in all cases only to damped oscilla-
tions of the radiation, the behavior of such oscilla-
tions during the transient time turned out to be simi-
lar in many respects to the behavior of the experi-
mentally observed spikes. In particular, their regu-
larity exhibited a similar dependence on ty/T|.

To explain the random pulsations, it was proposed
in ©272) to take into account the fluctuations in the
energy delivered to individual modes by the spon-
taneous emission. Favoring such a notion is, in par-
ticular, the absence of coherence between individual
emission spikes.

Other attempts were also made to interpret the
undamped pulsations of laser emission within the
framework of the probability method (see, for
example, [27428)) | These attempts were so far not
successful, possibly because of the fact that the
probability method is not adequate in principle for
description of the temporal characteristics of laser
emission.

The temporal characteristics of Q-switched lasers,
and particularly lasers operating in the monopulse
regime, are determined both by the parameters of
the shutter, resonator, or active medium, and by the
processes of interaction between the excited modes.
Insufficient speed of switching can lead to an appear-~
ance of several generation pulses (see Sec. III, 4).
The duration of the pulse from a monopulse laser is
usually 10—50 nsec [27,172,174,180,181] | A number of in-
vestigations have established that these pulses have

*Undamped pulsations were observed also with the ruby placed
in an immersion liquid {#*] and when fibers of neodymium-activated
glass were used [**°].
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a temporal fine structure determined by the interac-
tion between the modes [28%290) A theoretical analysis
of the dynamics of pulse formation in a monopulse
laser, with allowance for the interaction between the
angular modes and for the uneven distribution of the
inversion over the cross section of the rod, has
shown that the pulse delivered by the entire end
surface of the laser is the envelope of pulses emitted
by individual sections of the crystal (2281 Thig cir-
cumstance was experimentally confirmed in (291,292)
The interaction of the axial modes in the case of
Q-switching of a laser by a passive shutter [233-295]
(self-capture of modes) or internal ultrasonic modu-
lation at a frequency which is a multiple of

C/2L [296:297) makes it possible to obtain a series of
ultrashort pulses (10'10 sec), whose duration is
shorter than the time of flight of the quantum in the
resonator. The self-capture effect is apparently due
to modulation of the transmission of the passive
shutter, resulting from field-intensity pulsations
caused by mixing of the axial-mode frequencies in
the nonlinear medium of the shutter. The use of the
mode self-capture effect and a scheme for rapidly
shutting off the resonator mirror [3s] (see Sec. 111, 4)
resulted in single generation pulses of duration

8 x 10710 gec 281 According to an estimate given in
in {21 the limiting pulse durations that can be ob-
tained as a result of the mode self-capture effect are
~5x 107 sec.
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