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15 Fundamentals

1.1. Definition of the Model

Our aim is to derive a set of model equations which are simple enough
to be solved numerically in three space dimensions, and still repro-
duce the two most dominant features of pulse propagation in an iodine
laser amplifier chain, namely diffraction and saturation effects.
Since we are mainly concerned with pulses which are lTong compared to
the transverse relaxation time T, (tp ~1ns, Top <50 ps), we start
from the pulse propagation equations for a two-level systeml) in the
incoherent limit T, » 0. Furthermore, we neglect the Tinear absorption
term and introduce a retarded time variable 7: =1t - z/c. Let
E(x,y,z,f) be one component of the complex electric field envelope

and D(x,y,z,7) be the inversion density. Adopting the slowly varying
envelope approximation (SVEA) one obtains [1]

%.g—= =26 (ﬁ_w) D ) (1.1.b)

where k is the wave number, ¢ the induced emission cross-section, and
ﬁa}the photon energy. The intensity I is defined through the usual re-

lation

I=reclél” 1.2

The first term on the RHS of (1.1.a) describes the diffraction of the

1) The multilevel-structure of the active transition in the iodine
laser will be taken into account Tater by introducing an appropriate
effective saturation energy density, cf. Section 1.2.2.



oy 1R

wave front, the second describes the nonlinear interaction with the
laser medium. Our strategy will be to separate these two contributions
in such a manner that they can be dealt with one after the other and
not simultaneously. A similar approach has been applied previously to
passive propagation in turbulent atmosphere [2] and in graded index
optical fibre [3]. The procedure is illustrated in Fig. 1, where we
show schematically the setup of an amplifier with two active sections.
We let the length z, of the amplifier sections tend to zero and
increase the inversion density in such a way that the total stored
energy per unit area remains constant in the amplifier ending up with
an inversion distribution which 1is concentrated in quasi-twodimen-
sional slices at the positions z; and z,. Outside of these slices, the
nonlinear term in (1.l.a) vanishes and we are left with a Tinear
problem which is conveniently solved by means of Fourier Transforma-
tion [2,3], as will be described in Section 1.3. On the other hand,
as the thickness of the slices becomes infinitesimally thin, the wave
front is no longer affected by the propagation over the small distance
z, and the transverse gradient term in (1.1.a) may be neglected. The
pulse propagation inside the slices 1is thus treéated by the one-
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Fig. 1: Schematics of an amplifier stage with two active section (a)
and its simplification used in the theoretical treatment (b)
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dimensional rate equations, the solution of which may be reduced to
the evaluation of a simple time-integral; this will be shown in
Section 1.2.1.

In order to estimate the accuracy of our model, it is useful to refor-
mulate it in terms of operator splitting [2,3]. We restrict ourselves
to the small-signal regime, assuming the inversion density to be a
fixed function D(x,y) of the transverse coordinates. (1.1la) then re-
duces to a linear equation of the Schrddinger-type,

98_(L :

e
(%t e Dcx.y))s oo

with the formal solution
( 2
£y z)= e"‘P{(ﬁ< % +7° D)z} Eyi0). .4

Here the exponential of a Tinear operator is defined through a power
series [2]. The approximation described above amounts to a factoriza-
tion of the exponential in (1.4). The approximate solution is

gcx,y,z) = e.vcp{(-z:"—k Vf)z}-exp{(-%-a'D)z} Exy,0) (1.5

which clearly illustrates the "splitting" of the diffraction and am-
plification parts of the problem. The difference between (1.4) and
(1.5) is due to the non-commutativity of the operators v2 and Bi{X;¥),
i.e. the spatial variation of D. The relative error of the approxima-
tion (1.5) can be estimated by expanding the exponential to second
order in z [2]. This imposes a restriction on the propagation distance
z [4] according to :



2% << SW(L_?LE)/(}Q) (1.6)

where X = 2m/k is the laser wavelength, g is a typical (peak) value of
the gain oD and 1g,1£ are characteristic length scales over which D
and E change appreciably. In a well designed amplifier 19 is at most
of the order of the amplifier tube radius rr, while 1. can be conside-
rably smaller, say 1E = rT/ZO. In the cases of interest here,

g < 4m™1. This Teads to the simple condition

(z/r,) << 500 (1.7)

which is satisfied for the amplifier geometries investigated below.
Similar considerations apply to the transverse refractive index varia-
tions discussed in Section 1.4, which give rise to an imaginary con-
tribution to the gain [4].

.2, One-Dimensional Amplifier Theory
1.2.1. Solution of the Two-Level Rate Equation

If the transverse gradient term in (1.1.a) is neglected, an equation
is obtained for the intensity I(z,7) only. Since I is proportional to
the photon number, the resulting set of equations is named the rate
equations:

322:. = [):I ) ()
9Z

(1.8.b)

where
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is the saturation energy density for a two level system. Defining the
local energy density as

T
J(z,T):= fduI(z,u) (1.9)

one obtains the solution of (1.4.b) as

- /5,
Diz.E) =Dz 0)€ : (1.10)

From (1.8.a) an equation of motion for J can be derived,

- J/€.
2] - e & D(zol{1-ec ’} (1.11)
oz

and solved analytically to yield

Jo/ &4
Jez,t)= & (n {g, (e 2 1) T 1} (1.12)

where the small-signal gain g, is given by

9. = eXP{G' D(Z.O)Z} (1.18)

and J,: = J(z = 0,7). Taking the derivative of (1.12) with respect to
7 finally yields the desired expression for the intensity:



=g -

/e,
€
I(Z,‘EJ= T(o,T) q, . (1.14)

{9, (e LS 44 4 }

Thus the pulse shape at the end of an amplifying section of length L,
I{z=L,7), can be calculated from the shape of the incident pulse,
I(z=0,7), simply by performing the time integral (1.8) at z = 0 and
applying the formula (1.14). In this way the pulse propagation through
the "inversion slices" introduced in the preceding section can be

treated accurately and effectively.

1.2.2. Effective Two-Level System

The active transition of the iodine laser consists of 6 lines, cor-
responding to those transitions from the F = 2 and F = 3 upper sub-
levels which are allowed by the selection rules AF =0, + 1. A com-
plete incoherent treatment of the pulse amplification would thus in-
volve the solution of six coupled rate equations, one for each sub-
Tevel, which replace the simple inversion equation (1.8.b). It is,
however, possible to avoid this complication by introducing an appro-
priate effective two-level system, for which the analytical solution
presented in the preceding section may be carried over. This approach,
which was developed by Baker and King [5], will be outlined below.

In the region of practical interest the six lines of the active tran-
sition are homogeneously broadened, whereby pressure broadening due to
the active alkyl iodide and added buffer gasés is the dominant broa-
dening mechanism. The FWHM is thus given by

AY = _Z°<.' Pi (1.15)

where the sum is over all gaseous components in the amplifier with
partial pressures p; and pressure broadening coefficients oz, The ‘res
lative weights of the two line groups originating from the F = 2 and



F = 3 sublevel, respectively, with regard to the amplification process
are given by the parameters

X = ;1— :i' Az )
A G A+ [

(1.16)
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where Asy,  Asj and Ay, are the spontaneous emission probabilities,
Atot = 2 Agy = 2 Agyi Vo and vg3; are the centre frequencies of the
2+1 and 3 » i transitions, and v, is the pulse carrier frequency.
Commonly v, is chosen to coincide with the dominant 3 = 4-Tine,
Vo = V34- The effective induced emission cross section is then given

by

6~=,G'° ("7%_“ +%f3)1

2 (L 17
Aue A

Go = = v
4T

Assuming fast lower-level cross-relaxation and neglecting upper-level
cross-relaxation on the time scale of interest, Baker and King set up
a system of three coupled rate equations to describe the pulse ampli-
fication. From these an energy propagation equation similar to (1.11)
can be derived, which, however, contains two saturation energy densi-
ties, e and e,, one for each group of Tines:

LN

Z

=4 '1/2 .
fw DCz,0) [k1(1- : e‘).,.k ( e)] (1.18)
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with
€o
e,=
"B (1+9a/2¢) ;
' (1.19)
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«(1+ 8,/2% )
€ =hw /% )
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3 (1-b)
k" = Ja 12 (1- ab) !
k =g (1- QJ
2 b g (1-ab)
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9= 22T 4 L [9ct- 16585+ 04157 ] |
271
95=__31/§-15 _2-’;; [361- 16587+ 3445']/2,
Q= 30,' . E) = gb ik
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g’:: 0‘//?5 ;

(1.20)

At Tow pressures, the sums (1.16) are dominated by the 3 - 4 term,
leading to @ << B and therefore ep>> e;. Thus (1.18) reduces to a

two-level equation similar to (144) with an effective saturation
energy density given by '



B 1

Sl
=37 5 fu/e. (1.21)

At pressures used in high power amplification, i.e. in the range
p =1-6 bar, (1.21) has to be replaced by a more complicated expres-
sion including both saturation energy densities e; and e,:

kl e4
e,=e1(4+F:-?;). (1.22)

The difference between (1.22) and (1.21) may become quite significant;
for p = 5 bar, e, exceeds € by 36 %.

Baker and King have shown that a two-level approximation using the
parameters o and e, as defined by (1.17) and (1.22) gives an accurate
description of the pulse amplification, provided the output energy
density does not exceed er. As a function of pressure, ey takes its
minimum value of = 3 J/cm2 at p = 5 bar; thus the two-level approxima-
tion should be valid under the conditions of the ASTERIX IV-system.

1553 Fourier Optics and Fast Fourier Transform

1.3.1. Free Space Propagation

In the passive portions of the amplifier chain as well as in the space
between the inversion-slices inside the amplifiers the propagation of
the field Ekx,y,z,r) is described by (1.1.a) with D = 0, i.e.

g6 mglut 8 i
gz = Ak [ ayr =

(1.23)
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We introduce the transverse Fourier transform (FT) of € by

+ %

4 -2mi (xf tydy)
Ef f,21)= dedye Exyzt) . (124

In Fourier-Space, the propagation of € reduces to the multiplication
by a spatial-frequency dependent, free-space phase factor:

E(Fy,{y,z:t) = PFS ‘ g(-Fxl 'FW Z=0,T;) (1 25)
with

imAz (4, )
Prs(ﬁ-:ﬂ.z) = € ) (1.26)

Up to a trivial factor of eikz, PEs coincides with the Fourier Trans-

form of the propagator of Fresnel diffraction theory [6], reflecting
the equivalence of the SVEA with the Fresnel approximation. We further
note that the retarded time 7 enters (1.25) only as a continuous in-
dex, i.e. PEs does not depend on 7.

Taking the inverse Fourier Transform (FT‘l) of (1.25) immediately
yields the propagated field in real (physical) space. The procedure
for free space propagation thus obtained is summarized in Fig. 2.
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Real Space (x,y) Fourier Space (f,,f,)
FT -
&€ (2=0) —i E(z:-10)
Fes
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Eiz) *L—L- £ (z)

Fig. 2: Free space propagation

a3 Focusing and Spatial Filtering

Beam propagation in the amplifier chain is mainly controlled by lenses
used in a configuration termed "spatial filter". It consists of two
confocal Tenses with an aperture in the common focal plane eliminating
high-frequency spatial intensity modulations from the beam. If Tenses
of different focal lengthes are used the beam can either be expanded
or compressed. Another attractive property of a spatial filter is its
ability for image relaying, e.g., the image of an object placed in the
front focal plane of the first lens appears in the rear foca]Iplane of
the second lens. This is exploited in an amplifier chain by repeated
imaging of an aperture placed at the front end of the chain. The
various images are located at the exit planes of the amplifiers where
the beam loading is highest. When the intensity profile is smooth in
the initial aperture this will also hold for its images. This measure
thus serves to minimize material damage.
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plane xq,Yo L plane x,y
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b) Real Space Fourier Space
FT -
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Coordinate redefinition

€'(x,y)

(fx,fy)'—" (X,Y)

P_and 1/(iAf)

'

€ (x,y)

Fig. 3: Focusing by a thin lens. (a) Geometry.
(b) Treatment by the FT-method.










































































































































































































































