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Abstract

We have developed a numerical procedure for the analysis of the spatial proper-
ties of a fast pulse from a Q-switched laser. We present the numerical method and show
some results of the application.

INTRODUCTION

The problem of steady state modes of a laser has been extensively treated in
the literature [1], [2], [3], [4], [5], [6], [7]. [8], for the cases of stable and unstable reso-
nators with active medium. However, the analysis of the spatial properties of a fast pulse
from a Q-switched laser has not been done yet. Such lasers usually have output mirrors
with rather low reflectivity. The resonators are also often unstabfle or nearly unstable. In
such a situation the concept of a stationary resomator mode is no longer appropriate for
the description of a transient giant pulse. We have developed a numerical procedure to
calculate the time evolution of the electric field in a laser resonator. The initial EM field
is due to spontaneous emission. This initial field is then propagated according to the para-
xial wave equation. At each propagation step the field was corrected for gain and additi-
onal noise produced by spontaneous emission.

CALCULATION TECHNIQUE

The model used in our calculations is shown in figure 1. The space between
the mirrors was divided in M equidistant segments. The distance between segments was
Az, Az = D/M, where D is the distance between the mirrors. In x and y directions the seg-
ments were divided into J. L. calls. Between these segments the active medium is located
in thin sheets. In the resonator cavity we have the wave equation

, a2 .
(Vv = ?) Ul(x,y,zt=0 (1)
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Figure 1. Model of laser resonator used in the calculations. The EM field is calculated at
planes indicated with solid lines, and the gain medium is located in thin sheets between
them.

Electric field strength vector U within the resonator can be represented by pla-
ne polarized monochromatic travelling wave,

U(x,y,2t)=2 Re [U(x,y, 2) Up (- iwt)] (2)
where e is a unit polarization vector, w is the optical frequency (w = c. k), k is the free
space wave vector, U (x, y, z) is the complex scalar electric field depending on the posi-
tion coordinates. With U (x, y, z) the wave equation becomes

(V2+k2n?) U ix,y,20=Q (3

where n is the complex index of refraction. Equation (3) can be converted into an inte-
gral equation by means of the Green s function

glx,y)
Ulx,y,z+082z) = U, (x,y,z+A2) Up(—-—-z— —ik(n=1)) Az (4)

where U_ is free propagated field for distance Az, the exponential term corrects the free
propagated field for gain and refractive index inhomogeneities. The calculation was car-
ried out in the following steps. First we generated the random electric field coming from
spontaneous emission on all segments. Then we propagated all segments for one step to
the right and to the left. The resulting free propagated field was then amplified by the
amount of stimulated emission and a random field, corresponding to spontaneous emis-
sion, was added. Gain was calculated in the two level atom approximation. The sponta-
neous emission field was taken-to be a two dimensional uniformly distributed random
variable with the average value corresponding to the spontaneous emission rate. In the
end we computed the changes in population inversion due to gain and spontaneous emis-
sion. Fields were corrected for mirror curvature, shape and reflectivity in the case when
the left and right travelling waves were reflected from the mirrors. This procedure was
repeated until the laser pulse is formed.
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PROPAGATION ALGORITHM

When we insert left and right travelling waves with slowly varying amplitude
ELg (x, v, 2) in equation (3)

u:’.q (x,y,2) = EY, (x,y,2) exp(tikz) 5

we can neglect second derivatives in z and we get paraxial wave equations for left and
right travelling waves

9Eg
i 2 Ep=0

2ik Tz-— + VT R

9E (6)
—-2ik + 7 EL =0

0z T

92  9?

where A’T = Pl +a_y= . EL. ER are slowly varying amplitudes of left and right travel-

ling waves. These free space wave equations were solved by finite difference method of
Dufort and Frankel [10]
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These difference equation scheme is explicit and allows the calculation of left
and right free propagated fields from the fields on the two preceding layers. However at
the reflection at the mirrors we know the fields only on one preceding layer. So we need
another propagation algorithm for the layers next to the mirrors
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The medium was described by a two level atomic system with lower laser level
empty all the time. The incident wave intensity impinging upon the active medium is
changed by

UszAZ
AV

+ inoise (9)

where 0 is the stimulated emission cross section, j is the incoming intensity, N, is inverse
population in given segment and AV is segment volume. The first term describes the cha-
nge in intensity caused by amplification by stimulated emission and the second jnoise is
the intensity corresponding to spontaneously emitted photons within the given frequency
range. This frequency range is chosen to be the mode width of the resonator and not the
full gain line width.

H 2
€ €5 iEnoise | A V'a (10)

j .=
noise 2 AV

gain

where Erl is is a two dimensional random variable with an amplitude corresponding to
the full gain linewidth, Au, is mode width, and AV gain is gain linewidth. In the last step
we computed the change in population inversion in each segment

UNziAt

BNz = =Ny = ——

(11)
where Nsp is the number of spontaneously emitted photons calculated from jnoise.

RESULTS

We applied the procedure to the case of two and three dimensional plane para-
lel laser resonators with active medium Nd : YAG. We show the results of the two dimen-
sional calculations of the unidirectional ring laser. The resonator wasdivided into 23 seg-
ments along z axis with Az=3 mm and 31 segments along x axis with Ax =0.2 mm. Two
dimensional calculation uses the propagation algorithm (7), (8) for z and x coordinates
only. For calculating the gain from (9) the segment volume is needed so we set the thic-
kness of the two dimensional active material to Ax. We -assumed that the EM field was
coherent across this second transverse dimension. This could be achieved by suitable ref-
ractive index modulation on the boundaries.

The stimulated emission cross section was taken ¢ = 3.3 E — 23 m? and spon-
taneous emission lifetime of the upper laser level with 1/A21 = 230 us. Mirrors were
smaller in size than the laser rod and had tapered edges because the propagation algorithm
cannot sharp edges. The reflectivity of the mirrors was

Ro r<ro
(12)
R=
{r—r,)?
Ryexp (= —— ), r=r,
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Intwensity

In our calculation we set r0 = 1.4 mm, p = 0.3 mm. The initial inversion was
8 e 23 m. Untapered output mirror reflectivity was 0.64, so 36% of the intensity was fed
back into the laser. We have simulated the Q-switching of the laser by linearly increasing
the output mirror reflectivity

(0] , 1<ty
R, (t—t)
= o]
Ront(t)_ t—to ,t°<t<tq
27 %
¢ (13)
Ro , t= q

We chose t 0 = 10 ns to allow the laser to establish the quasi equilibrium state
of the spontaneous emission and tq = 40 ns for opening the Q-switch. In the instanta-
neous power plot (figure 2) of the laser output we see that laser pulse is formed 5 ns after
the Q-switch was completely opened. The puise was 1.6ns long. The pulse shape is modu-
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Figure 2. Instantaneous power plot of the laser pulse
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Intensity

lated periodically with period corresponding to one half of the resonator length. We beli-
eve these oscillations to be the amplified remnants of the step discontinuity arising from
the initial conditions. The depth of this modulation depends strongly on the detuning of
the laser frequency from the empty resonator mode frequency and on the rate of change
of the resonator quality. The results shown in figure 2 and 3 were obtained with zero de-
tuning. The observed intensity profiles (figure 3) of the beam at the pulse peak (t=47.5
ns) show several spikes so that the divergence of the laser output is 2.5 mrad. The phase
profiles show almost constant phase across the beam. The spatial coherence of the laser
beam varies as the pulse decays. At the end of the pulse the phase profile is very smooth
with very small variations across the beam.
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Figure 3. Phase and intensity profiles of the laser beam at different times (t = 47.5 ns,
t=49 ns, t=50ns)

262



Intensity

intensity

t=49ns

l } } 1 L |
1 ¥ ! 1 T
-2 -1 0 1 2
Distance |mm]
t=50ns

[l 1 1 l 1

Y 1 ! T 1

-2 -1 0 1 2

Distance [mm]

263




Phase [rad]

Phase [rad]

t=475ns

(=% ]
H

'
T

——

=2 -1 0

Distance [mm|
t=49 ns

L8]
i

264

Distance [mm]

e




Phase | rad]

w

n

t=50ns

L 1 L i 1

-2 -1 0 1 2

Distance [mm]|

REFERENCES
1. D.B.Rensch: Appl. Opt., 13,2546 (1974)
2. J. van Roey, J. van der Donk, P. E. Lagasse: J. Opt. Soc. Am., 71, 803 (1981)
3. M. Lax, G. P. Agrawal, M. R. Belic, B. J. Coffey, W. H. Louisell: J. Opt. Soc. Am.

OCOVOXNg e

A,2,731(1985)

E. A. Sziklas, A. E. Siegman: Appl. Opt., 14, 1874 (1975)

D.B. Rensch, A.N. Chester: Appl. Opt., 12,997 (1973)

A. E. Siegman, E. A. Sziklas: Appl. Opt., 13,2775 (1974)

A. N. Chester, Appl. Opt., 12, 2353 (1973)

A . E. Siegman, Appl. Opt., 13,353 (1974)

H. Kogelnik, T. Li, Proc. IEEE, 54, 1312 (19066)

R. D. Richtmyer, Difference Methods for Initial Value Problems, Interscience, 1969

265






