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Optimisation of a multistage pulsed dye laser system

S V Vasil’ev, M A Kuz’'mina, |V A Mishin

Abstract. A multistage narrow-band dye laser amplifying sys-
tem with an output power of up to several kilowatts is con-
sidered as a whole. Such systems became necessary due to the
development of the method of laser isotope separation (the
AVLIS method). The use of the simplified model of an ampli-
fying cell allowed us to solve analytically the equations descri-
bing the laser system and to determine optimal parameters of
each stage. The dye laser system with an output power of
1 kW is optimised based on the model proposed. The accu-
racy of the obtained estimates was verified by a direct numeri-
cal simulation of the system based on a rigorous solution of
the equations describing the interaction of radiation with the
dye solution.
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1. Introduction

At present, the solutions of organic dyes are the only active
medium that can be used for the building of high-power
tunable laser systems operating in the visible spectral range.
The pumping of dye laser systems by copper vapour lasers
provides several-kilowatt average output powers at a pulse
repetition rate of tens of kilohertz and a pulse duration of
tens of nanoseconds [1, 2].

The spectral parameters of a laser system are determined
by a master oscillator, which often represents a single-
frequency pulsed dye laser with the output power from
several tens to hundreds of milliwatts. To achieve the
required energy parameters of the laser system, the radiation
from the master oscillator is amplified in several amplifi-
cation stages.

The problem of optimisation of the laser system is
formulated in the following way. Given the output power
of the master oscillator, the output power of the laser
system, the parameters of the pump laser and the dye type, it
is necessary to provide the maximum laser efficiency, a sim-
plicity and compactness of the laser system. Also, the num-
ber of amplifying cells and their parameters should be deter-
mined, as well as the pump power distribution over the cells.
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2. Interaction of radiation with the dye solution
and the model of an amplifying cell
with the transverse pumping

The energy level diagram of a dye molecule is shown in
Fig. 1. The energy spectrum of a dye consists of the system
of singlet and triplet electronic levels. The vibration—
rotation sublevels of each electronic state overlap with each
other by forming broad bands, which provides the
possibility of the laser frequency tuning. The radiative
transitions in the dye occur between the sublevels of the
lower singlet levels S; and S,. The spontaneous decay of the
S level to the Sy level occurs for several nanoseconds. The
relaxation between the upper singlet and triplet levels within
the electronic bands occurs nonradiatively for several
picoseconds. The transitions between singlet and triplet
electronic levels are forbidden in the dipole approximation
and occur for several microseconds.
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Figure 1. Energy level diagram of a dye molecule: S,, and T, are singlet
and triplet electronic levels. The solid arrows denote radiative trans-
itions; the dashed arrows denote nonradiative relaxation; the dotted
arrows denote the S,, < T, transitions.

The scheme of the amplifying cell with transverse
pumping is shown in Fig. 2. The active region represents
a parallelepiped of size a x a x A (hereafter, A4 is referred to
as the length and a as the width of the active region). In the
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dye solution, three types of photons are propagating: the
pump radiation (subscript p), radiation being amplified (or
laser radiation, subscript L), and spontaneous emission of
the dye (subscript s). We assume that the propagation
directions of laser radiation and spontaneous emission
coincide with each other and with the x axis. The pump
radiation is injected into the amplifier from two sides
through side faces of the active region (along the y axis
and in the opposite direction).
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Figure 2. Scheme of a transversely pumped amplifying cell: (/)
propagation direction of a beam being amplified; (2) active region of
an amplifier; (3) pump beam; (4) windows of a dye cell; (5) dye flow.

By absorbing pump photons, dye molecules undergo
transitions from the ground singlet S, state to the S; state
and rapidly relax to the lower sublevels of the S; state.
Then, the stimulated S; — S, transition can occur accom-
panied by the creation of a photon at the laser wavelength
(amplification), the spontaneous S; — S, radiative transi-
tion, and the stimulated transition initiated by a spontane-
ous photon [amplified spontaneous emission (ASE)]. In
addition, transitions between singlet and triplet levels are
also possible. The main processes at which parasitic absorp-
tion of radiation occurs are the S; — S, transitions (the
ESA process [3, 4]) and the Ty — T triplet transitions. The
energy of photons absorbed in these processes is lost upon
nonradiative relaxation.

Let a pulse being amplified have a duration about of ten
nanoseconds and an average intensity of the order of
10° W cm 2. Because the pulse duration is substantially
shorter than the characteristic time of population of triplet
levels, the influence of the S+« T transitions can be
neglected. For the radiation intensity under study, sponta-
neous radiative transitions occur for subnanoseconds, which
is, on the one hand, substantially shorter than the pulse
duration and, on the other, is longer than the nonradiative
decay time. Therefore, we can use the quasi-stationary
approximation in our calculations assuming that relaxation
occurs instantly within each spectral band [5].

Based on the above model of the interaction of radiation
with a dye, we write the kinetic equations for the level
populations
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where ny, ny, and ny are the populations of the levels S, S,
and Ty; i;fs are densities of pump and spontaneous photon
fluxes (radiation intensities); superscripts + correspond to
the propagation directions along (4) the x axis and in the
opposite direction (—); i; is the laser radiation intensity;
iy =iy +iy; is=i5 +i5; op are cross sections for the
stimulated S, < SB transitions for photons of the type f
B=p, s, L) aﬁ are cross sections for the S; < S,
transitions; o ) are the triplet absorption cross sections;
is the spontaneous S; — S, decay time; g7 and t7g are the
characteristic times of transitions between singlet and triplet
levels; ¢ is the velocity of light in the dye solution; Q is the
solid angle in which spontaneous emission is amplified [6].
All the calculations were performed for Rhodamine 6G. We
used the following values of kmetlc constants o, =1.6
x1071% em2, o) =0, =2.0x 107 ¢ ﬁ/a,;_ozs T=
3.5%x 1077 s [7).

To obtain qualitative estimates of the laser system
parameters, we will pass on to the stationary approximation
and neglect stimulated emission induced by a spontaneous
photon. In this case, problem (1), (2) is reduced to the
system of ordinary differential first-order equations
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In amplifiers with the transverse pumping, the laser
radiation intensity, as a rule, is substantially larger than the
pump intensity, which allows us to replace the expression in
the parentheses in equation (3a) by unity and to solve this
equation analytically:
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where P, is the total pump power incident on the

amplifying cell. We can easily find from (4) the fraction
e of radiation absorbed by the active region, the average
pump intensity i,, and the depth of the dip (the
inhomogeneity p = zm‘“ /iy in the pump distribution
over the cross sectlon of the active region):
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e=1—exp(—y), ip = 5—;2,
(5)
_ 2
P~ exp(1/2) + exp(—1/2)”
where
L = opha. (6)

Consider now equation (3b) for the radiation being
amplified. Using relations (5), we replace the pump intensity
ip in (3b) by its average intensity sz. To represent the solu-
tion of equation (3b) in a more clear form, we pass on from
the radiation intensity to the efficiency # of the amplifying
cell and the gain g in the cell:
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Thus, the amplifying cell efficiency is determined by its gain
g and four dimensionless coefficients o, i, #°* and k:
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where Pi" and P are powers of the laser radiation at the
input and output of the cell. The coefficient « is the ratio of
the transverse and longitudinal sizes of the amplifying cell.
One can easily see from (7) that the amplifier efficiency
increases with increasing the cell length A. The coefficient i
is the ratio of 1/¢,7 to the laser radiation intensity PP /a?
at the output from the active region. The amplifier
efficiency also increases with decreasing 7 (with increasing
laser radiation intensity). The maximum efficiency of the
amplifier (in the number of photons) is determined by the
absorption coefficient for the pump radiation and by the
ratio of the cross section for absorption from the excited
state to the cross section for stimulated photoluminescence
at the laser wavelength. If the length of the amplification
region and the radiation intensity at the cell output are
infinite, then

lim = ™. ©)

o,i—0
The coefficient k£ depends on the spectral parameters of the
dye and the absorption coefficient for pump radiation.
However, its influence on the amplifying cell efficiency is
not substantial because it can be always compensated by
changing the geometrical factor o.

Now, when the meaning of coefficients in expression (7)
is clear, we determine the boundaries where they can vary.
Fig. 3 shows the dependences of the fraction e of energy
absorbed by the active region and of the inhomogeneity of
the pump intensity distribution p on the parameter y. One
can see that absorption rapidly increases with increasing y,
resulting in the increase in the efficiency. However, the
inhomogeneity of the pump intensity also increases. The
main disadvantage of transverse pumping is that it cannot
provide simultaneously the maximum use of the pump

radiation and a high homogeneity of its distribution. In
our opinion, the optimal value of y lies within 2—3, which
provides absorption of 85 % —95 % of the pump energy for
an acceptable inhomogeneity p ~ 0.5. Below, we will always
use the value y = 2.5.
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Figure 3. Absorption coefficient e for pump radiation and the inhomo-
geneity p of the pump intensity distribution over the cross section of an
amplifying cell as functions of the parameter y. The hatched region
corresponds to optimal values of y.

Another very important factor, which limits the amplify-
ing cell efficiency, is the parameter 7, which is determined by
the limiting admissible radiation intensity. It is known, for
example, that quartz withstands the radiation intensity up to
10° W cm 2. However, this value is considerably lower at
the solid state—dye solution interface due to the photo-
induced dissociation of molecules of the active medium on
the surface. Therefore, the limiting admissible radiation
intensity depends on the types of a dye and solvent, as
well as on the material of the amplifying cell windows, and
can be determined only experimentally.

In paper [8], the value 20 MW cm™2 was used as the
upper limit of the radiation intensity. However, the authors
of paper [9] used the intensity 6 MW cm 2. Possibly, this
was related to the requirement to decrease the photo-
decomposition rate of the dye. The only free parameter
in expression (7) within the framework of the approxima-
tions made above is the form factor o of the amplifying cell.
However, it is clear that an increase in the cell length can
result in losses caused by the diffraction divergence of a laser
beam.

3. Optimisation of an amplifying system
consisting of several cells

We will use our model of the transversely pumped amplifier
to optimise a multistage amplifying system. The problem is
formulated in the following way. At given laser radiation
power P" incident on the amplifying system, the gain G,
the number N of cells and the dye type, it is necessary to
determine the geometrical parameters A; and a;, the dye
concentration n;, and the pump power Py; for the ith cell of
a stage which provide the maximum efficiency of the
amplifying system. Since the amplifier efficiency is formally
related to the pump power [(see Eqns (8)], we will determine
the minimum pump power instead of the maximum effi-
ciency because in this case the calculations are simplified.
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Taking into account expressions (7) and (8), which were
obtained for a single cell, we write the equations relating the
parameters of the amplifying stage:

Py igilng; +g, — 1
PPf T, max
n; 1 —o;k;Ing;

(10)
PLO = P]i_n’ PLi+1 :giPL[: G = 8081---8N-

The choice of the relation between the dye concentration
and the transverse size of amplifying cells at which the
distributions of the pump intensity are identical at all the
stages is quite reasonable from a practical point of view. It
follows from this condition and relations (5), (6), and (8)
that parameters ;" and k; should coincide for all the cells.

The limiting admissible radiation intensity is one of the
critical parameters of the amplifying system. To provide the
same radiation load on all the stages of the amplifying
system, we require that the maximum intensities L'y~ of
laser radiation at the output of each cell would be the same,
meaning the equality of parameters i;. Analysis of an indi-
vidual amplifying stage showed that, if the amplification of
spontaneous emission and diffraction effects are neglected,
the cell efficiency increases monotonically with its length. In
the study of the multistage amplifier, we will choose the
lengths of cells so that their efficiencies would differ from
the maximum efficiency (for given amplification and inten-
sity) by the same coefficient ¢ (below, we will use the value
£=0.9).

The above conditions allow us to relate the dye
concentration and the cell size with the gain of cells:

Xi = Opla; = y = const, (11a)

-max PLO -max

i =818~y =L = const, (11b)
i

& =1—ok;Ing; = & = const. (11c)

It follows from (11a), (11b), and (l1c), respectively, that
N =" =const and k;=k =const; i;=i=const;u;=
(1-¢)/klIng;. Taking this into account, the substitution of

(11) into (10) gives

P :
Py = Tflfm(g()"'gi—l (lgilngi +g,—1),
(12)
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Thus, only a set of the cell gains g; remains unknown. By
determining these gains, we can calculate the other para-
meters of the multistage amplifier.

A multistage amplifier is most often optimised using the
condition of the uniform distribution of the gain over the
cells:

:Gl/<N+l). (13)

8o =81 = .- =8N
In this case, the amplification in each cell occurs in the same
way and the cells have equal efficiencies, which coincide
with the efficiency of the multistage amplifier as a whole.
This means that criterion (13) allows one to estimate the
parameters of the amplifier by analysing one amplifying cell
[in our case, by using relations (7) and (8)]. Such an appro-

ach (hereafter, referred to as a standard method) is intui-
tively clear and allows an easy scaling of the amplifier.

To verify whether a standard method of division of the
multistage amplifier into individual cells is also the best from
the point of view of the amplifier efficiency, we perform the
formal mathematical study of the multistage amplifier.
From (12), we obtain the expression for the total pump
power of the (N + 1)-stage amplifying system:

i [G-1
P];ot:PL()W T+GlnG+(go—G)1ngo

(14)

We will consider P[t,Ot as a function of N variables g, g1, ...,
g,_1- It is known that the necessary condition for the
existence of an extremum of a function is the vanishing of
all its first partial derivatives. By setting these derivatives to
zero and making simple transformations, we obtain the
system of equations to which the gains of cells in the most

efficient amplifier should satisfy:

+(g0g1 — G)Ingy + ... + (go---gn—1 — G) Ingy_; |

g =Ingy+1,

g&=Ing +1,

(15)
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Fig. 4 shows the distribution of the gain over the stages
for the optimised and standard amplifying systems with the
gain G = 10*. The dependences were plotted for the 2-, 3-, 4-,
and S-stage amplifiers. One can easily see that the gain in the
optimised system is distributed over cells quite nonuniform-
ly. The gain in the first cell in the optimised system is always
substantially greater than that in the standard system,
whereas the gains in the subsequent cells in the former
case are smaller. Therefore, the first cell in the optimised
system operates in the ‘overpumped’ regime with a com-
paratively low efficiency, whereas the rest of the cells operate
in the saturated regime with a high efficiency.

lgg;

100

Figure 4. Distribution of the gain over amplifying cells for the optimised
(solid curves) and standard (dashed curves) systems; the numbers at the
curves are a total number of cells in the amplifying system.
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Consider now the influence of the system optimisation
on its total efficiency and length, which are the most im-
portant parameters of the system from the practical point of
view. Fig. 5 shows the dependences of these parameters on
the number of stages for the amplifier with an average input
power of 100 mW (the pulse duration was 10 ns and the
pulse repetition rate was 10 kHz), the gain G = 10*, and the
maximum radiation intensity ;™ = 10 MW c¢m 2. One can
see that the optimised multistage system offers a noticeable
advantage both in the efficiency and in the compactness of
the amplifying system, which allows one either to reduce the
number of cells, without decreasing the efficiency, or to
increase the efficiency without adding new cells.

n/&n™ | L (cm)
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Figure 5. Efficiency n/&n and length L of an amplifying system as
functions of the number N of cells for the optimised (solid curves) and
standard (dashed curves) systems.

n (rel. units)
———e---—2
0.5 - e
.- ==
/
1, =
/7 -
/7 7
//
0472
L 4
3
4
0.3
1 1 1 1
1 2 3 4 N

Figure 6. Efficiency n of the amplifying system as a function of the
number N of cells for the simplified model ( /, 2)) and rigorous numerical
calculation (3, 4) for the optimal ( /, 3) and standard ( 2, 4) divisions of
the system into cells.

To estimate the accuracy with which our simplified
model describes the amplifying system, we compared the
analytic estimates obtained above with the results of
rigorous numerical simulations. The exact results were
obtained by directly solving equations (1) and (2), i.e.,
we solved a nonstationary problem by taking into account
triplet absorption and ASE. In addition, we considered the
distribution of particles over the sublevels within electronic
bands.

We determined the parameters of the amplifiers using
both standard (13) and optimal (15) criteria for the division

of the amplifying system into cells. The dependences of the
multistage system efficiency on the number of stages are
shown in Fig. 6. We used in calculations the same system
parameters as in Fig. 5. As expected, the ideal model of an
amplifying cell gives the overestimated values, however, the
types of the approximated and exact dependences are si-
milar. Moreover, the rigorous mathematical model more
distinctly demonstrates the advantages of the method pro-
posed for the system optimisation.

4. Conclusions

The method proposed for optimisation of transversely
pumped multistage dye amplifying systems showed that the
optimisation of the pump intensity distribution between the
stages substantially improves the parameters of the amplify-
ing system. The analytic expressions obtained in the paper
allow one to calculate the parameters of amplifying cells
used in the systems. Comparison of the results of the theo-
retical study with rigorous numerical calculations confirms
the correctness of the approximations used.
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