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1 Introduction

The model of a laser is based on the following assumptions. Laser consists of a
laser output coupler (reflection R, , with the spherical surface radius of curvature
Ry ), an active crystal (rod! )a.-long (refractive index n.?), a passive Q-switching
element (a saturable absorber crystal® with initial transparency 7T, , length ac, ),
and a HR back mirror (curvature radius R,, ). The total length of the laser cavity
is a. The laser rod is pumped with a set of laser diodes. Laser pump maximal
power is P . Laser active ion lifetime is 7,, and the saturable absorber ion
lifetime is 7, . In this model it is assumed that all variables depend on 7,¢ only (
7= (x,y,0) , axis z is the cavity axis). Optical pump is given by ®p(7) (the two
dimensional pump distribution) and o(¢)(pump pulse temporal shape). Method-
ology of laser intensity modeling and multi-dimentional light /matter interaction is
based on previously published papers (Yashkir and Liu, 2006), (Yashkir, 2006a),
(Yashkir, 2006b), (Yashkir and Yashkir, 2004), (Yashkir et al., 2004), (Yashkir,
2002), (Yashkir and van Driel, 1999).

INd*3 Y AG, 1, = 230us
2n. = 1.818
3Crit 1 YAG, 7, = 8.5us



2 Basic model equations

The laser cavity round trip time is denoted as 7}, and the reflection coefficient of
the output coupler (mirror) is R, . Photon losses in the laser cavity (not related to
the saturable absorber) are described by the photon lifetime constant 7,,. It can
be identified as follows. During k round trips (time ¢ = k7)), the initial intracavity
electromagnetic emission energy is reduced by a factor of R’;. From the obvious
equation

£ _ ot
Ry =e (1)
we obtain T
Tp = -+ (2)
Pp
where parameter p, = —InRR, can be thought of as an average loss per round-trip

(it may be different for different laser cavity modes). This approximation is valid,
obviously, if the laser power changes slowly compared to the cavity round trip
time:

d 1
—InP —
7 n (t)‘ < T (3)

max
t p

For a laser pulse (pulse width 7,) this criterion can be reduced to 7, > T,,.
The optical pumping of the laser rod can be estimated as follows. Diode pump
energy at [, t] in [dV,dt] is given by the following expression:

PEp = Pp(t) - ®p(F) - dV - dt, (4)

where
Pp(t) is total pump power,®p(7) is the spatial distribution defined by the config-
uration setup of pumping sources assuming

/@D(f')dv = 1. (5)

The fraction u of the pump energy absorbed in the laser crystal is assumed known.
Then the number of absorbed photons dNp (same as number dN,, of active excited
ions) is equal to:

u
dN, = —dFEp. 6
hI/D b ( )

The relative population factor change is then equal to
= = U =
dNo hVD Codv hI/DCOdV hI/DCO

dn(7,t) =

where ¢g is the concentration of active ions.



Taking into account the spontaneous decay of excited ions (time constant 7,) we
arrive to the rate equation for the relative population factor

dn(7,t) u . . n(r,t)
= Pp(t)® 1-— t)) — ) 8
= Py ()1 (1) — 0
An estimation of the factor
= (9)
7= hvpco

for a 1%-doped Nd®* : Y AG crystal (co = 1.36:10*°cm %) pumped at A\p = 800nm,
assuming v = 1, is as follows:

3 3
m m-m
0" =3-10"°— =0.03——
J KW - us
For simplicity assume that the pump distribution function is uniform along laser
crystal (0 < z <a ,a = lem ) and it has the Gaussian shape in plane xy with the
Gaussian diameter of wp = 1mm :

(10)

2 _412-51./2
Pp(z,y,2) = awpr. D (11)
Maximal value of ®p(x,y, 2) is
2
®p(0,0,2) = PHH = ~ 0.11(mm)~? (12)

awp~/T
Solution of the equation for n(7,t) asymptotically tends to
oo = (1 + (0 Pp®5eor,) 1) ™ (13)

Assuming pump power Pp = 1KW and 7p = 230us we obtain n,, ~ 0.43. De-
pendence of n,, on the pump power has a typical shape:

Inversion population factor
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Figure 1: Inversion population factor dependence on the pumping power



It is important to note that laser crystal saturation effect due to optical pumping
is not very significant at pump powers below 1KW.

Stimulated emission of the excited ions is based on the probability of an ion to
emit a photon during the time interval dt :

I
B, = o,-2
dB, = 0.3 Ldt, (14)

where o, is the emission cross-section of an ion, I, is the local light intensity, v is
the laser photon frequency.

Laser intracavity light consists of k., modes (N]gk) photons in each k* mode).
Spatial distribution of photons is N,gk)i)k(F), where all mode functions are orthog-
onal:

/ T (A D(FAV = 5y (15)

o0

Therefore, the energy density in the vicinity of (7, t) is equal to

kmaz
h Y NP@(P), (16)
k=1
and the intensity is equal to
kmaa:
I, =chy Y N®F (7). (17)
k=1

The average (expected) number of stimulated transitions of excited ions (equal to
the number of stimulated photons added) in an elementary volume dV - dt is then
as follows:

kmaz
d’N, = —d’N,, = n(",t)codVdB, = ccooon(F,t) Y NN (F)dVdt  (18)
k=1
It is convenient to introduce the value of
NP
t) = 19
Pi(t) — (19)

where v, = acﬂw,% is a k' mode volume (wy, is the Gaussian mode width, and a.
is the length of the active crystal). The corresponding change of relative number
of ions with downward transitions is equal then to

dn(7, 1) 2N, Fmag

T Td T aavar - oY) ; BT .




We introduce now the parameter Y = ccoos and then we add the above expression
to the rate equation for n(7,t). Tt is:

. - )
dng; t) = opPp(t)Pp(7)(1 — n(F,t)) — xn(rF,t) ; VEPk (1) P () — &;t) (21)

where op = u/(hveg). Using this equation the total number of emitted photons
per dt (AN, = [,, d*N,) can be calculates as

kmax kmax

AN, = > AN = ccoo, Y NP / n(7, t)®y(F)dV dt. (22)
k=1 k=1 Vv

Assuming that photons in each mode cause stimulated emission into the same
mode only, and that photons in each mode comes from all elementary volumes of
the laser crystal we can write the following rate equation for py(t):

o0

d _,
= [ e - pl2 (29)

—0o0

Intracavity losses are accounted by the factor 7,. The photon losses due to the ab-
sorption in a saturable absorber (during dt) are introduced as follows. Absorption
coefficient is equal to a, = ¢,0, (where ¢, and o, are concentration and absorp-
tion cross section of absorbing ions of the saturable absorber crystal). During one
round trip (time 7}, ) the intracavity light density (photon flux) py(t)®x () is re-
duced by the factor of e=2%% which is equivalent to the additional member of the
rate equation for

d . L 20,0 .
PEG(7) = -+ — pp®p(P) 29 () — g(F 1)) - - . (24)
dt T,

Here a, is the length of the satuarable absorber, and ¢ is the relative number of
excited ions in the saturable absorber crystal (absorption takes place only from
the ground state). It is convenient to use the following formula oya, = —InT,
(value T} is a one-path transparency of the crystal). Residual absorption of the
crystal due to absorption from excited levels is introduced the same way:

dpr . _ 20a, L 2404
o =i P 1—q) —p.d e 2
o 2e(7) PePr () T) (1 —q) = pe®r(7) T, ¢ (25)



Integration by dV = d7 gives, finally, the rate equation for photon dynamics

d R
% = xpk/n(r,t)%(f‘)dV
Vv
(26)
_ %k Py + 20, |ag(1 —/q(F,t)(I)k(F)dV)+’Yq/Q(Fat)q)k<F)dv
p

Vv \4

The rate equation for excitation dynamics of active ions of a saturable absorber is
derived using the following considerations. The number of excited ions in a volume
dVdt is dN, = dh% , where the absorbed light energy is the product of the light
energy stored in the volume dV and the absorption rate during time dt :

kmaz

hv Z coprVpPrdV

k=1

dE, = - Jogcqee(1 — q)dt] . (27)

Normalized (relative) inversion population of active ion of a saturable absorber
dg _ dNg -
dt — cgav S

kmaz

dq
i ccoog(l — q) ; PrUE Py (28)

Introduce now parameter 3 = ccpo, = c2a, and take into account spontaneous
q
decay of excited states with the time constant of 7,. The final equation is

k
M p1-q) o, — L 2
7 B(1—q) 2 PrUEPp - (29)

Intensity of the laser output emission for the k' mode can be estimated as cor-
responding intracavity photon energy divided by time necessary to let all photons
escape through the output coupler:

1—-R 1-R 1—-R
v TpE Tphl/covkpkz Tp

P](f) = N;’“) h Quipk, (30)

where Q = hvcy.
The set of rate equations for multi-mode laser dynamics with an intracavity sat-



urable element can be presented as follows:

k
d N t maz = t
"g; ) _ opPp(t)®p (M) (1 — n(F,t)) — xn(F,t) ; i () @1 (F) — %1)
dpk o 7P d
e — o [ 7 (7Y
1%
(31)
- % pp + 2a, |ay(1 — /q(f', )@y (7)dV) +7q/Q(7?7 £)®r(r)dV’
p Vv v
@:5(1—(])%]91} o, — L
o kUK Pr "
k=1
The laser output power (measured in Watts) is:
1-R
P = ——LQuipy (32)
p
where
u

op = hvey’ X = CCoOs, pp = —Ink,,

Qg = Cq0y, Vg = €40+, B = ccyoy,

Q = hvey  [J/m?],

aqa, = —InTy, Vqlq = —InT,

We choose now typical material parameters for investigation of laser dynamics:
co = 1.36 - 10®%cm™ ( Nd** : YAG , 1% doping), o5 = 28 - 107*°cm? (the Nd
emission cross section at 1064 nm), ¢, = 6.44 - 10""cm ™2 (the C'r density in Cr** :
YAG ), 0, =5-10"8cm? (Cr absorption cross section at 1064 nm; from ground
state), o, = 1.59 - 107 "em? (C'r absorption cross section at 1064 nm; from upper
state), the diode pump wavelength A\p = 808nm , the laser wavelength A = 1064nm
, the laser crystal length a., = 20mm , the saturable absorber crystal length a, =
5mm , op = 0.03[cm®J 7] , the output coupler reflection R, = 0.5 (p, = 0.69
), x = 1140ns™' T, = 02 ., = 0.95 , oy = 3.22em™, 7, = 0.lem™" | 8 =
2.04-10*ns !, Q =25.4Jecm ™3 .

We assume also (for practical purposes) the following: all variables are constant
along the cavity axis, the default mode volume is the same for all modes. These
assumptions are equivalent to:

Dp(F) = =Pu(z,y) (k = D, 1+ kpaw), v = @S, S = 7mwj/4, where wy is the
Gaussian diameter of the T E My mode of the cavity).
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With these assumptions the laser dynamics equations are:

dn(x,y,t o
1) _ 0 py 410 (e, )1~ (.. (33)
n(,y,1)
k=1 n
dpy(t
P — i) [ty 0z, ) (31)
S
Pi(t)
- T pp+2aq Cl/q(]_ - Q(xvyat)q)k(xay)ds) +7q q(x7y7t)q)k<$7y)ds
P s S
k
dq(z,y,t - q(z,y,t
WS _ 51— gy )8 3 pe(t)ulr,y) — 20D (35)
k=1 4
1-R
P (1) = ——QacSp(t) (36)
p
u
op = Ty X = CCy0s, pp = —InR,, Qg = Cq0y,
Vg = €40+, B = ccooy, Q = hvey, g0, = —InTy, Yqtq = —InT,
It is useful also to define the gain coefficient g(t):
d
olr) = S nfp(r)]. (37)

If g(t) = const during t C [ti,t5] , then p(ty) = p(t)ed®271). Assuming ty —t; =
T,/2 (time of a single path of laser photons through the laser cavity) we can define
the gain factor:

1
In case of negligible intracavity losses we can estimate the gain coefficient for a k*"

mode
1

1 —

Gult) = 50T, = 2xT, / n (7, 1) Dy (F)dV. (39)
v

In a laser with cylindrical symmetry, the transversal mode pattern is given* by

combination of a Gaussian beam profile and a Laguerre polynomial. The modes

are denoted T'EM,, where p and [ are integers labeling the radial and angular

4See, for example, http : //en.wikipedia.org/wiki/Transverse_mode
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mode orders, respectively. The intensity at a point [, ] (polar coordinates) is
given by:
2 _
Lu(r, 6) = Iop' [Ly(p)] cos*(Ip)e”", (40)
where p = 2r?/w?, the parameter w is the spot size of the mode corresponding to

the Gaussian beam radius, and Lé is the associate Laguerre polynomial of order p
and index [:

L) = (1) (L)) = eta (0, (41)

The first few Laguerre polynomials are:

Table 1
p | Ly(x)
011
1| —x+1+4+k

2 | 22 —=2(k+2)x+ (k+1)(k+2))
3] 4 (=2 +3(k+3)2* = 3(k+2)(k+3)z + (k+1)(k+2)(k +3))

4| (=2t —4(k + 4)2 + 6(k + 3)(k + 4)2?—
—4k+2)(k+3)(k+Dz+ (k+1)(k+2)(k+3)(k+4))

The absorption parameter o and the initial transmission 7; of the saturable ab-
sorber are related as follows

a t 1
e Tl = (T)T — a = 2log 7 (42)

q

There is also an absorption parameter v due to upward transitions from the excited
quantum states of the laser crystal. Corresponding absorption coefficient is v =
—2logT,, where T, is the transmission of the bleached crystal. Contrast of the
saturable absorber is defined as

1-1T,
K= 4 4
— (43)

If initial absorption changes (due to thicker crystal or increased Cr*™ ion con-
centration) then we assume that value of v changes proportionally to a. If the

10



number of active centres in a saturable absorber changes (due to change either of
their density or just of the size of the crystal), then both parameters (« and 7 )
must be changed proportionally.

Dynamic transmission of the saturable absorber 7@ (z,y) can be obtained from
the expression above by replacing o = (1 — ¢) + vg. We obtain

T (7, t) = e~ 3(a(l—q(Ft)+va(7t) — qu—q(ﬁt)Tfyz(ﬁt) (44)

This formula can be used to calculate transversal transmision of the saturable
absorber as a function of time. The following parameters are used in the above
equations: the one round-trip loss for a k-mode: p, = —log R, = —log[(1 —
ql(,k))Rp , decay constants 7, (for spontaneous inverse population emission) and 7,
(for saturable absorber inverse population lifetime); the gain parameter x of the
fundamental frequency in the activated laser crystal, excitation rate factor o(t) for
active laser ions caused by the diode pump, the parameter a of the fundamental
frequency absorption in a saturable absorber, and the parameter 3 of the saturable
absorber transition rate caused by photon absorption. The fundamental frequency
seeding emission €,(t) has its origin in quantum fluctuations and is considered
spatially uniform. Initial conditions for the set of equations are:

n(r,0) = p(r,0) = q(r,0) = 0 (45)

3 Determining laser cavity modes

The set of optical modes to be used in the numerical model is defined by the Gaus-
sian diameter w of the fundamental mode T'E My, and by the list of higher order
modes with indexes [pl] . Parameter w is calculated on the basis of special algo-
rithm where beam path inside the cavity is modelled by using the ABCD matrix
method®. A Gaussian beam at any point is defined by the complex parameter g :

1 1 1

= 46
g R mw? (46)
where R is the beam wave front curvature radius. If ¢ is defined, then
1 1
W= —— R = (47)
—W%(é) %(é)

5See, for example, http : //en.wikipedia.org/wiki/Ray _transfer matriz
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The propagation of the laser beam through intracavity components (left mirror,
laser crystal, Q-switch crystal, right mirror) is calculated on the basis of the fol-
lowing formula:

gaM) + M

g5 = O, M) = (48)
gaMyg” + My
where ¢4 is the beam parameter at the left mirror
1 1 '
= _t (49)

= — — 39
qga R mwg

R; is the radius of curvature of the 1% mirror, and wy is a zero iteration beam
diameter. The matrices are as follows. Transfer matrix from mirror 1 to mirror
2):

=) 2y
MHﬂlﬁb‘%%rﬁmeMWxM%) (50)
21 22

Matrix for the spherical mirror:

1 0
MWZLEJ (51)
R
Matrix for intracavity crystals:
a 1 a- Ny Ag
M@ — {O 1 ] (52)

The beam travel in opposite direction is given by

(<) (<)
M = [%1@ %1&)] = M) M x M) (53)
21 22

Finally, one round trip is defined by the matrix

M = M) x M) (54)
Algorithm:
1. Set 1
= (55)
Rl

wy is an arbitrary zero iteration beam diameter

12



2. Repeat ¢ = ®(¢V-Y M), j=1,2,--
until [w) —wVU=Y| <n,  where 7 is the required accuracy.

Using the Gaussian beam waist diameter w we can define all high-order transversal
modes I, (r, ¢) for a given laser cavity. Each optical mode may have aperture losses
due to laser crystal limited diameter. The relative loss for one path through the
cavity for a k" mode can be calculated as follows

G= [ oW (F)d*F. (56)
!

At a given energy, the modes of higher order have lower peak intensities and
higher losses due to increasing of mode spatial spread as indexes [p, (] increase.
The commonly used parameter for a multi mode beam quality can be defined as

M? = (f)Z, (57)

w

where d* is the width of the transversal distribution (at the level of e™!) of the
beam intensity which is given by

3 nd(). (58
k=1

4 Examples of laser simulation

We chose typical material parameters:

13



Table 2

Initial Q-switch absorption a =441
Residual Q-switch absorption v =0.04
Laser crystal gain parameter x =20
Q-switch excitation parameter £ =80
Diode pump power parameter o =0.36
Energy scaling factor Q =0.15
Output coupler reflection R, =10.5
Intracavity losses® q, = 0.005
Cavity round trip time T =0.473
Diode maximal current Iy = 125A
Diode threshold current Ith =254
Active laser crystal ion lifetime | 7, = 230us
Q-switch crystal ion lifetime Ty = 8.51s
Laser rod diameter a = 3Imm

Simulation examples will be presented for two case studies:

Table 3

LaserA LaserB
Fundamental laser mode waist | w = 0.39 mm | w = 0.57mm

14



4.1 Results of the simulation (laser A: free-running regime)

Laser intensity ws time

T T T T
2e-85 ! | ; | ‘pfi.csv? .

2.5e-85 | : . - -

2e-85 =

1.5e-85

le-63 -

Se-@6

=] =4 4@ 1] ga 188
time (us)

Figure 2: A typical random-pulsed lasing

Lasing in Figure 2 is presented at the beginning. Intensity "fluctuations" are
caused both by basic laser dynamics and multimode competition processes.
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Beam guality ws time
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M2

L1
Klidank

t=1t] S

. _JHUHUJ ol H” il
| ikl

28 28 48 =1 &g 7

time Cusd

Figure 3: The beam quality parameter

The beam quality parameter M? illustrates in Figure 3 the multimode lasing which
starts from the TE My, mode (M? = 1) followed by generation of higher order
modes.
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Mode amplitudes

5.0x10°

0.0- J & \ /\J v

20 22 24 26 28 30 32 34 36 38 40

t 107

Figure 4: "Competition" of cavity modes during first 20us after reaching laser
threshold

Note in Figure 4 that lasing starts from a [00] mode and later several modes are
being generated simultaneously.
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Average beam cross-section
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Figure 5: Laser beam transversal distribution (averaged over the whole lasing time
period).

Note in Figure 5 that transversal expansion to higher-order modes is limited by
the laser rod diameter.

4.2 Results of the simulation (laser A: Q-switched regime)

Results of the simulation of the laser A in its actual configuration (with the sat-
urable absorber) are presented in Figures 6, 7, 8,9 . The only one pulse is produced.

18
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B.825
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The 1=t peak of laser output

|
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121.44
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121.46
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Figure 6: A single laser 3-ns pulse is generated in the Q-switched regime.
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Modi¥AG & CriYAOD maxlx.yl inversion population

1 T T T T
‘haver.csu?
‘gaver.csw?
8.8 [
8.6 |
o
=
[~
8.4 |-
B.2 |-
a 1 1 1
5] 58 188 158 zaa 258

time Cusd

Figure 7: Nd : Y AG (red curve) and Cr : Y AG (brown curve) max[z, y| inversion
population

Inverse population of the laser crystal and the Cr : YAG crystal versus time
demonstrate slow increase of the gain until the lasing threshold, and rapid "switch"
during laser pulse generation (Figure 7).
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Beam guality ws time

T
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2.3 |
E f— -
1.5 -
o
=
1 -
8.3 -
o I I I I I ]
121.4 121.41 121.42 121.42 121.44 121.43

time Cusd

Figure 8: Laser beam quality in the Q-switched regime

Laser beam quality in the Q-switched regime (Figure 8) is M? = 1 (T E My, mode)
during main laser output (181.42 — 181.45us) . Deterioration of the output beam
quality is insignificant (it takes place when output intensity is less then 1% of its
maximum).
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Average beam cross-section
I(x.y) e

Figure 9: Laser pulse spatial cross section

Laser pulse generated has purely Gaussian shape (Figure 9). As expected, in the
Q-switched regime the only mode generated is the T'E My, mode. All modes of
higher order either do not reach the threshold or are unable to bleach the saturating
absorber.
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4.3 Results of the simulation (laser B: free-running regime)

Laser intensity ws time

T
‘pfi.csuw?
B.@a86814 -

B.aE0l2 - -
B.@061 |- -
Se-035 -
Ge—B5 | -

de-@5 [ -

2e—-a3 - U

|
) | ._LJL.UJ“ |

a =] 1@ 13 f=1s] 23 za 25

time (usl

Figure 10: Typical random-pulsed lasing

A typical random-pulsed lasing (presented in Figure 10 for the 15 35us. Intensity
"fluctuations" are caused both by basic laser dynamics and multimode competition
processes.
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Beam guality ws time

T
’ME.csﬂ _—
18 P -
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| LHERTIWLYA

o ] ] ] ] ]
i@ 13 f=1] 23 el 23

time Cusd

Figure 11: The beam quality parameter M? (laser B)

The beam quality parameter M? illustrates multimode lasing which starts from
the TEMyy mode (M? = 1) followed by generation of higher order modes (Figure
11).
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Laser marker: free-running regime
TEM[nm]

—1[00]
—[01]
L
—[13]

[14]
—[20]

[21]
—[22]
—[23]
—[24]

Mode amplitudes

Figure 12: "Competition" of cavity modes (laser B)

"Competition" of cavity modes during first 20us after reaching laser threshold
(Figure 12).
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Figure 13: Laser beam transversal distribution (laser B)

Average beam cross-section
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25
15

05

Average beam crossz—section
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Laser beam transversal distribution (averaged over the whole lasing time period).
Note that transversal expansion to higher-order modes is limited by the laser rod
diameter (Figure 13).

4.4 Results of the simulation (laser B: Q-switched regime)

The 1=t peak of laser output

T
‘pfi.csw?

B.835 -

a.825 - n

B.815 -

a.8a35 ~ -

o) I ] I I ]
28,76 xa.72 @.2 20,82 20,84

time (usl

Figure 14: Laser pulse in the Q-switched regime (laser B)

27



Q-switched regime

1E-10

1E-11

raul lld (AR RT ARt BN SN BT SN T BN NI SN N Y] BN NT]

1E"12 T

30.6 30.7 30.8 30.9 31.0
Figure 15: Laser pulse amplification from the quantum noise level (laser B)

Note in the Figure 15 the failed attempt of the [01] mode to enter the game.
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Average beam cross-section

o MR m o O

15

Figure 16: Laser output beam transversal distrtibution (laser B)

The laser B (Q-switched) pulse is purely Gaussian (Figure 16).

4.5 Results of the simulation (laser B: Q-switch, continuous
pumping)

The next numerical experiment is to illustrate how mode dynamics of a laser can
change in case of a very long pump pulse. In this case a train of Q-switched pulses
will be produced. Pulses will be separated by time periods sufficient to pump
up the laser crystal to reach the lasing threshold. The train of laser pulses in a
Q-switched laser with a long pumping pulse is presented in Figure 17. Simulation
results demonstrate that it is the case: pulses are produced with approximately
20us periods. It is important to note that intensities of pulses fluctuate (in the
range of 1 to 10). Explanation of this behavior can be derived from the next graph.
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Figure 17: Train of laser pulses in a Q-switched laser with a long pumping pulse
(laser B)

Simulation results demonstrate that it is the case: pulses are produced with ap-
proximately 20us periods. It is important to note that intensities of pulses fluc-
tuate (in the range of 1 to 10). Explanation of this behavior can be derived from
the next graph (Figure 18).
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Figure 18: Mode amplitudes versus time in case of a long pumping pulse (laser B)

In case of a long pumping pulse every next laser Q-switched pulse belongs to a
different cavity mode. Every next pulse uses different cavity mode because the
spatial distribution of the gain in the laser crystal changes with every next pulse.
As a result, the average beam quality deteriorates (in this example M? = 2.46 for
pump pulse duration of 150us ).

The beam average transversal distribution is similar to the case of non-Q-switched
laser regime, but peak intensities are obviously much higher (Figure 19).
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Figure 19: Average beam cross-section in case of Q-switched laser with a 150us
pump pulse length (laser B)

If losses of all modes except T'E My, are made high artificially, then the only mode
remaining will be T'E My, with the regular period of 14us.

5 Laser modes and thermal lens effect

Pumping of the laser crystal creates thermal lens which modifies the cavity optical
modes. We assume that a lens with optical strength f~! is located between the
laser crystal and the passive Q-switch crystal. The ABCD matrices must be
changed as follows

M) = MBY) s pr@ s ppih) s pp(f2) (59)
ME) = pB2) s pph) s prl@ s ppE) (60)
(61)

where the matrix associated with the thermal "lens" is:
1 0
Y] ©)
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The optical strength of the thermal lens is roughly proportional to the average
absorbed pump power. Illustration of the thermal lens effect in case of initial
non-stable optical cavities is presented in Figure 20.

Laser A The flat/concave 1800mm cavity (R; = 0o, Ry = —1.8m) is non-stable.
Thermal lens effect provides stabilization of the cavity mode when pump absorp-
tion is high enough to cause focusing with f < 1.81m. The change of thermal lens
focus from 1.75m to 1.80m increases mode diameter from 0.8mm to 1.6mm and
mode losses - from 0.07% to 2.6% per round trip.

Laser B The convex/concave cavity (R = 1m, Ry = —0.7m) is not stable. In
this case thermal lens must be such that f < 2.63m. The change of thermal lens
focus from 2.50 m to 2.61 m causes mode diameter increase from 0.75 mm to 1.1
mm, and mode losses grow from 0.04% to 2.5% per round trip.
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Figure 20: Dependence of the laser mode waist size and mode losses versus thermal
lens focus
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It is important to keep pump power stable because power drift of just 2% can
increase mode losses dramatically and even shift to the range of optical mode
instability.

6

7

Summary

e Stimulated emission in the Nd : Y AG laser with a saturable absorber Cr :

Y AG is modelled as a superposition of interacting optical modes which are
stable in a given optical cavity

The interaction of the active laser crystal and a passive Q-switch with diode
pump and optical cavity modes is modelled with account of transversal two-
dimentional variation of the pump field and of all participating optical modes

Each elementary volume of an active laser crystal and the Q-switching crystal
interacts with all modes (therefore modes are non-linearly linked to each
other), and every optical mode interacts with the whole laser crystal. This
interaction is given by rate equations. Total number in this set of equations
is given by the following formula

Ne - 2k7maxj72nax

where k., is number of cavity modes and j2,, is the total number of el-
ementary volumes representing intracavity crystals. Most of simulation ex-
periments presented in this paper were done with N, = 2-10° ( k0 = 20 ,
J2.. =100 x 100 ).

Special numerical tools were used to accelerate calculations without loss of
precision.

Simulation experiments for two laser devices provide quantitative valida-
tion of some experimentally observed effects (domination of the fundamental
mode in a Q-swithed regime, multimode operation without Q switch) and
predict performance of a laser with long pump pulses (trains of laser Q-
switched pulses with pule-to-pulse mode switching).
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