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Optimized four-channel Nd:glass laser system for
the investigations of spherical plasma compression
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M. Szczurek

Kaliski Institute of Plasma Physics and Laser Microfusion, P. O. Box 49, 00-908 Warszawa, Poland.

The paper presents four-channel Nd:glass high power laser system in its optimized version,
based on the theoretical analysis propagation of radiation in the real laser channel, constructed
in the Kaliski Institute of Plasma Physics and Laser Microfusion (IPPLM).

1. Introduction

The laser system presented in the paper was based on a four-channel laser
constructed in the Kaliski Institute of Plasma Physics and Laser Microfusion, in
1976. This system was then used in experimental investigations of the laser plasma
compression [1-3]. The increasing demands with respect to temporal-spatial and
energy parameters of radiation aimed at realization of laser beam concentration
with higher homogeneity and power density in small areas of the targets under
investigation, as well as the necessity of improving the laser system efficiency
justified the reason for which the existing system had to be modified according to
the actual demands with respect to the experiment and to the state of knowledge,
corresponding to the contemporary stage of the development of big laser installa-
tions [4-7].

The works on modernization and optimization were preceeded by theoretical-
calculational analysis concerning, in particular, the radiation propagation in the
real laser channel, taking account of basic physical phenomena occurring during
the pulse propagation [8-20].

The above works were connected with the introduction of spatial vacuum
filtration, apodization, relay systems and optical isolation. The efficiency of the
amplifying heads was increased, as well as the reliability of the utilized electronic
systems. Moreover, in order to make the laser operation more efficient, stabiliza-
tion of the room temperature and the generator screening were introduced.

The laser, modernized in this way, is now operating in conditions of improved
purity. The target interaction chamber was moved to a separate diagnostic room.
Both the method and apparatus for spatial-temporal diagnostics and energy
parameters of laser beams were improved.
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2. Filtration, apodization and relaying of radiation
in the high power laser system

2.1. Filtration

One of the main reasons limiting the efficiency of Ndiglass laser system is the self-
focusing caused by the dependence of the index of refraction on the electric field
intensity [21-27]. Usually, the whole- and small-scale self-focusing can be differen-
tiated [4]. Small-scale self-focusing is in most cases due to inhomogeneity of the
spatial structure of the beam which, in turn, is caused by radiation diffraction in
the apertures of the propagation channel, by radiation interference, and by dust
particles and damage spots inside or outside the optical components. This pheno-
menon leads to damage of the active elements, in particular internally. It also leads
to a decrease of the laser efficiency as a result of the scattering of radiation on the
induced phase inhomegeneities in the active medium to non-linear losses, as well
as to deformation of the spatial and temporal structure of the pulse in the vicinity
of the focal spot. As a consequence, laser radiation can to a considerable extent,
bypass the microbaloon targets used in plasma experiments, and the laser efficien-
cy can be less than optimum. The effect of self-focusing in amplifying medium on
spatial structure of a beam formed by radiation diffraction of circular aperture
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[16] is illustrated in Fig. la, b. It can be seen, that when the mean power density
in the cross-section of the beam increase, e.g., for the 11th Fresnel zone (F = 11),
then sharp rings of high spatial frequencies and power densities exceeding many
times the admissible damage threshold of optical media become more and more
distinct. This leads to the time evolution of spatial structure, which has a
fundamental influence on the field distribution in the vicinity of me focus spot.
Changes of the field distribution in the focal spot, for this case, are presented in
Fig. Ic. It can be seen that if an inhomogeneous field distribution incident on a
non-linear medium is presented, then the evolution of the power density in time is
expressed by the deformation of the temporal pulse shape and the displacement of
the energy from zero order to higher orders. So, even this example shows the
necessity of improving the efficiency and reliability of the laser system. Small-scale
self-focusing can be minimized by filtration of spatial frequencies in a laser beam
[27], [28]. According to [4] such a filter should remove the spatial frequencies,
which are the most strongly amplified in non-linear medium described by the
relation

@
Thus, the following conditions must be satisfied
Km> Ko )
with
K - nD
where: y —constant characterizing the non-linear part of the index of refrac-
tion,
n0  —linear part of the index of refraction,
A0 —wavelength in vacuum,
Ko —cut-off frequency of diaphragm in focal plane of the spatial filter,
D —diameter of diaphragm,
/ - focal length of the input lens of the filter.

Results of the experimental investigations of the spatial vacuum filter (FP-2
type) are presented in Fig. 2. They illustrate the dependence between power in the
zero order of the focus and laser output power for several sizes and diameters of
the filtering diaphragm [29]. The application of filter improves distinctly the beam
focusing power. Thus, by applying the filtration to a high power laser system the
power in zero order may be increased although the value of filter transmission T
is less than one

K K
\KR(K)dK- j KR(K)dK
T=- * xI00% )]
E])KR(K)dK
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where: K — spatial frequency including 100°0 of the pluse energy,
R(K) - field distribution in the spatial frequency plane of the filter.

Fig. 2. Power at zero-order of focus vs output power of laser for several diameters of diaphragm < in
FP 2 spatial filter [29], PO - power at zero-order of focus, P, — output laser power

The filters attenuate also both the superluminescent radiation and the lamp
radiation, and at the same time increase the contrast of a laser pulse; understood
as the ratio of the main pulse power to pre-pulse power.

2.2. Apodization

Spatial filtration does not prevent, however, diffraction effects generated on the
apertures of diaphragm, e.g., on the apertures of the active elements in the
propagation channel. Effects of such a type may be reduced by apodization, which
prevents to a high degree the generation of inhomogeneities in the cross-section of
the beam [30-39]. To this end soft metallic or dielectric diaphragm made by the
masking method is most often used. Spatial distribution of radiation transmission
through such a diaphragm is usually described by the function, called a “Super
Gauss” [4]. Experimental and theoretical transmission curves of one of the
dielectric diaphragms plotted for a four-channel laser are presented in Fig. 3,
whereas the photographs of soft diaphragms [40] are given in Fig. 4. When a laser
system contains a set of spatial filters, the choice of the appropriate value of the
exponent N of “Super Gauss” function is essential. The value of the above
parameters depends on such factors as whole self-focusing, efficiency of energy
extraction from the amplifiers (characterized among others by the so-called
aperture filling factor), diaphragming by the soft diaphragm of the field distribu-
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Fig. 3. Transmission characteristics
of soft diaphragms [40]

Fig. 4. Photo of soft diaphragms

tion in the separate apertures of the propagation channel and non-linearity of
amplification.

Figure 5 presents the calculated evolution of a field distribution in time, in the
lens focal plane, when a radial distribution of radiation characterized by the
apodization parameter N =2 (Fig. 5a) and N —128 (Fig. 5b) was incident on a
non-linear active medium [17]. It is seen that the distribution for N = 2 leads to
much stronger spatial and temporal deformation of the pulse in the vicinity of the
focal spot, than that occurring in the case of N = 128, when the radial field
distribution is more homogeneous. If, however, distributions characterized by high
values of N increases are applied, their small-scale self-focusing is more probable
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Fig. 5. Field evolution in time in the focal plane of the lens for the pulse of cross-sectiondistribution
characterized by the apodization parameters: a — N =2, b — N —128

because of more pronounced diffraction effects occurring in the beam. The
apodization coefficient determines also the propagation distance at which the
deformation of the radial distribution is significant [20].

The influence of apodization coefficient on the electric field distribution in the
plane characterized by the Fresnel number F =5 (for N =5 and N = 10) is
shown in Figs. 6a and 6b, respectively. It is seen that at the same distance from
the initial plane z = O, the distribution for N = 10 becomes more inhomogeneous
than that for N = 5. At the same time the aperture filling factor increases with the
apodization coefficient N [5]

2\I{r)rdr
Fi= ®)

where: 1(r) — spatial distribution of electric field,

R — radius corresponding to the given diaphragming height,
which thereby contributes to the increasing efficiency of energy extraction from
the amplifying media [41].

Fig. 6. Field distribution in the plane characterized by the Fresnel number F —5 for the apodization
coefficient: a — N =5 b — N = 10, (r** — normalized beam radius)
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In conclusion, it can be said that the “harder” field distribution (higher N) in
the laser beam is better as far as both the efficiency of energy extraction from
amplifiers and minimization of the influence of whole self-focusing on the evolu-
tion of field parameters in the vicinity of focus are concerned. This statement is
valid for small propagation distances (high F), within which the diffraction effects
leading to the above mentioned disadvantageous effects of self-focusing on the field
parameters, are minimal.

23. Relaying

A high power laser is of length of several tens of meters, thus its field distribution
is “hard”, and practically of no use for the reasons mentioned above. These
contradictions may be reconciled by taking advantage of another property of the
filter, namely the relaying of the field distribution, given by means of a soft
diaphragm, from the begining of the laser system to its output plane [42-44],

Fig. 7. Hlustration of two characteristic areas of the relay system (a), and field evolution in the vicinity
of the focal spot for the above areas (b C) [18]
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Relation
mdi+——i-/2=0 (6)
m
where
m =/ 2fi ™

makes it possible to determine the position of the image d2 behind the relay
system, the distance of the distribution from the input plane of the relay system dx
and its focal lengths /, and f2 being given.

Two calculated characteristic areas of the relay system are presented in Fig. 7a.
In the first area (marked by A) the field propagates from the input plane to that of

A Fig. 9. Diaphragming height vs field
distribution for: g=10~3 (@ and g
= 1Q'1 (b

Fig. 8. Diaphragming height of the
field distribution subject to relaying vs
radiation power distribution for N = 5
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the image with a minimal deformation of spatial structure, while in the second
region (B) this deformation is much stronger. Thus the amplifiers cannot be placed
in the channel arbitrarily, as shown in Figs. 7b and 7c, which illustrate the field
evolution in the focus vicinity in these two cases [18]. Another task of the relay
system is to match the aperture filling factors for the amplifying stages preceding
the relay system and for the successive stages behind it, in such a way that this
distribution diaphragming the aperture of active media occurred on the level not
higher than 10“3 of the field values in the central area of the distribution.

Results of calculations of the effect of the diaphragming height of field
distribution undergoing relaying in the system are illustrated in Fig. 8 for N =5
It can be seen that with the increasing height of the distribution diaphragming q
=\E(z =0), r* = 1|2:|E(z = O, r* = 0)|]2 the quantity of energy falling to higher
orders increases and the field distribution is more strongly deformed (see Fig. 9a,
b, for N =5 [20], where r* is a normalized radius of the beam, and zF —
normalized focal length of the lens).

magnetic

Fig. 10. Set-up and transmission characteristic of Faraday’s isolator vs supply voltage from the
capacitors banks for plasma reflected radiation [47]: amp — amplifier, em. — energy meter, d.p. —
dielectric polarizer. F.c. - Faraday cell
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It has been assumed in the literature [26], [27] that, in the case of self-focusing
discontinuity integral B is the measure of the amplification of the most strongly
increasing spatial frequencies

B =k8y0]|(z)dz<B,, )

where: kO = 2n/X, BA - critical value characteristic for the given type of glass. In
a laser system, this parameter is usually employed for determining the sites at
which spatial vacuum filters are to be placed.

2.4. Optical isolation

While focusing laser radiation on targets it is necessary to protect the laser system
from radiation reflected by the plasma. To this end we use Faraday’s isolator (IF)
[45], [46] which at the same time prevents self-excitation of amplifiers. A scheme
and transmission characteristic of the IF system of the plasma reflected radiation
are shown in Fig. 10 [47].

3. Laser system

An optimized four-channel Nd glass laser system is schematically presented in Fig.
11. It consists of a generator, preamplifiers and a main amplifier with additional

FOUR-BEAM Nd-GLASS LASER SYSTEM
energy J, r=1- 1,5ns

SPATIAL FILTER (SF.)
420 #20 AND RELAY SYSTEM (RS) S.F. AND R.S. *45

Fig. 11. Scheme of four-channel glass Nd laser system
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systems improving the beam quality. The results obtained from the theoretical
analysis presented above were used in design and construction of this system.

3.1. Laser generator

Scheme of the generator with a sequence of preamplifiers is presented in Fig. 12. A
YAG rod of dimensions 0 6x65 mm pumped by a spiral lamp is the active
material. The lamp placed in the head is surrounded with a diffusive reflector
covered with a porcelain layer. Such a structure guarantees a homogeneous
pumping of active medium. Resonator of the generator on YAG of the length Lgx
='120 cm consisted of two dielectric mirrors of the transmission coefficients T
= 0% and 90°/o and the radii of curvature R = 500 cm and R = 00, respectively.
The active Q-switch is by means of the Pockels cell of P-121X type, controlled by
quarter-wave voltage U =35 KkV. The system generates pulses of duration r
=25 ns (Fig. 13a) with the frequency changing from 1 to 1/3 Hz in the basic
transverse mode TEM@00, output energy 30 mJ and contrast 10~3. Spatial stability

PULSE  GENERATOR

Fig. 12. Scheme of the generator and system of preamplifiers: mli3 4 — 100 percent reflectance mirror,
m2 — transmission mirror, P.c. — Pockel’s cell, p — polarizer, d.p. — dielectric polarizer, d —
diaphragm, s.g. — spark gaps, k/4 — quarter-wave plate, x/2 — half-wave plate, S.F. — spatial filter,
CCl14 — SBS mirror

Fig. 13. Laser pulse oscillograms from: a — generator, b - after the cut-off system
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of the direction of generator beam propagation amounts to 10“5rad. This pulse is
subjected to further temporal processing that yields the pulses ranging from 1 to
10 ns, according to the actual requirements (Fig. 13b). The pulse is cut out by the
Pockels cell P-122X system, Ux2 = 88 kV, with a spark gap initiated by a laser
pulse. The cell operates in the system in which the gate of 2/2 voltage is applied
for the time equal to the duration of cut-out pulse. The latter after having passed
through the half-wave plate is amplified in preamplifier on the YAG.

By applying the SBS (stimulated Brillouin scattering) mirror, the pre-pulse is
attenuated and the laser pulse of contrast 10“7 is achieved. A scheme of the
system with SBS mirror and the oscillograms of the obtained laser pulses are
presented in Fig. 14. The pulse of energy E = 30 mJ formed in this way passes
through a spatial air filter and is amplified in the YAG amplifier, for which the
amplification of a small signal is of the order of 20. For example, for the pulse
duration 1-1.5 ns the output energy of the beam behind the sequence of pre-
amplifier is equal to 150 mJ, the beam divergence is 0 ~ 1 mrad and the contrast
10- ¢

By applying additionally a non-linear absorber it was possible to obtain in the
laser system output the contrast of the order of 10“9. The system of generator
with the heads of amplifiers is placed on a temperature-stabilized granite plate.
Both the granite plate and the whole room in which the pre-amplifiers are placed
are kept at 25x0.5°C. It should be mentioned that in the above system single
pulses the duration of which ranges from 20 to 150 ps may be generated by using
in a generator, a cell with a non-linear absorber for passive mode locking and an

output mirror of a suitable thickness. General view of the generator is presented in
Fig. 15.

2
1 t=15ns
E=20- 150 mJ

Fig. 14. System of SBS mirror: ph — photodiode, b.s. — beam splitter, d.p. —dielectric polarizer, ph.c. -
— camera
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Fig. 15. General view of generator

3.2. Main amplifier

As an active material in the amplifying head the neodymium glass of the type
GLS-1 is used. Immediately after the sequence of pre-amplifiers the pulse is
amplified in two heads GL 220 x 12 to the level of 0.5 J. In order to eliminate the
small-scale structure of the field, the beam passes through a vacuum FP-0 filter
and is magnified to the diameter of 4.5 cm. The central homogeneous part of the
beam, falls on the surface of soft (or hard) diaphragm of the diameter of 0.8 cm
which transmits about 10% of the incident energy. This allows us to obtain the
distribution of a high filling factor which is next subject to further relaying to the
main surface of focusing lenses in the experimental chamber. Transmission of FP

0 filter changes depending on the incident energy (Tab. 1). A vacuum spatial filter
FP-1 is placed behind the plane of soft (hard) diaphragm. Transmission of this
filter ranged within 85-93%, depending on the incident energy. The FP-1 filter
performs also the part of the image relay system by relaying the initial distribution
through 3 heads GL 220x15 and the Faraday’s isolator system on the input to
the next vacuum spatial filter FP-2. Since each consecutive filter magnifies the

Table 1
Ein [J] 0.679 1178 1314
Eai [J] 0.606 0.826 0.857

7T%] 89 70 65



106 S. Denus et al

beam, its output diameter is 4.5 cm. Thus, the average power density in the beam
in all the heads is kept below the damage threshold of active medium. The
parameters of spatial filters are presented in Tab. 2

Table 2

Type of filter fi [cm] fi [cm] <$p[mm] P T[%]
FP 0 245 889  0.365 3.62 88
FP-1 127.7 190.9 15 149 97
FP-2 88.9 1108 13 125 67
FP-3 83 1335 3 15 85
FP 4 88.9 1335 25 15 85

(/i — focal length of the input lens, /2 — focal length of the output
lens, < — diameter of diaphragm in filter, T — filter transmission, —
magnification)

While choosing the diameters of roods the damage threshold, given by the for-
mula [48]

EUn= E0(z/z0)12 ©

(where: t0= 1ns, EO=3J/cm2 t - laser pulse duration) was taken into account.
All the roods were cut at the angle of 5° with respect to the optical axis of the
system. The parameters of amplifying heads of the type GL-220 are given in
Tab. 3

Table 3
Dimension_of Maximum Number of Maximum total
Type of head active medium pumping LBL 14-170 amplification
0 h[mm] energy [kJ] lamps
GL 220x12 12x220 14 6 10
GL 220x15 15x220 14 6 8
GL 220x 20 20 x 220 14 6 45
GL 220x30 30x220 185 8 35
GL 220x45 45 x220 27 12 3

Laser pulse parameters corresponding to the separate stages of the laser system
for the pulse duration of 15 ns are presented in Tab. 4.

The value of B integral calculated for the analysed laser system is presented in
Tab. 5, assuming n2= 2 x 10-13.

The maximum output power in the last amplification stage may be estimated
from the relation

«"oP2»Ff

10
P - 318n,e ¢ (10)
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where: a —amplification coefficient,
n0, n2—linear and non-linear refractive indices,
D  —diameter of amplifier.

Table 5

Type of head B

GL 220x 12 (2 units) 0.24

GL 220x15 (3 units) 0.59

GL 220x20 (1 unit) 0.69

After beam splitter

GL 220 x20 (2 unit) 0.86

GL 220x30 06

GL 220x45 071

In the case of spatial modulation of the beam in the system, the admissible
value of B, for which self-focusing destructive for the glass GLS-1 does not occur,
is ~ 25. Assuming for the final amplifying stages D = 45 cm, a = 0.025 cm™" I, n0
=15 n2=2x10“13 and Ff= 0.8 cm we get Pmax = 30 GW.

From the estimations presented above it follows that the theory in the laser
system is consistent with the experiment. The general view of the main amplifier is
shown in Fig. 16.

Fig. 16. General view of main amplifier
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4. Beam diagnostic

The purpose of diagnostic is to obtain the information about the state of the laser
system as a whole, as well a the data necessary for a complete analysis of results of
plasma investigations. In the laser system discussed in the paper the diagnostic
consisted in the measurements of pulse energy at different places (providing the
information, concerning among others the amplification of the separate heads,
total energy and the degree of danger of the medium damage), the measurements
of temporal shape and pulse duration as well as of the contrast ratio.

pulse width measurements
Fig. 17. Duration and pulse contrast diagnostics
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Pulse time duration was measured by a high speed camera with the pulse
contrast being measured by a camera in the system presented in Fig. 17.

Figures 18a, b present near- and far-field beam diagnostics used in the laser
system. The near-field diagnostic data were used for determining the sites of the
local increases of power densities exceeding critical value. The far-field diagnostic
provides information about the position of focus in experimental chamber as well
as about the size of the focal spot, essential in power density estimation.

target chamber

amp

shearing energy

interferometer meter
far-field
camera

near-field camera

equivalent far-field array

beam profile in near-field

Fig. 18. Diagnostic of spatial parameters of laser beam with the use of near-field and far-field camera
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In the same system the diagnostic of phase distribution in the beam cros-
section is made by using a shearing interferometer, and the divergence proposed
by the Hartman method.

5. Summary

An optimized four-channel Nd glass laser system presented in this paper was
constructed in the Institute of Plasma Physics and Laser Microfusion. Theoretical
analysis preceding the modernization and optimization allowed us to better
understand the specific features of pulse propagation in the channel of high-power
laser and to base the new construction of the system on the obtained information.

In the nearest future the system will be enlarged adding the heads of 0 60, and
the efficiency of the existing ones improved. Also a generator performing the
accousto-optic modulation will be applied in order to increase the duration of
output pulses. It is also planned to improve the system stability and pulse
contrast, to construct the additional channel for X-ray backlighting, to apply the
frequency conversion (to 200 and 3cu), to introduce the optical isolators with larger
apertures, and so on. The system presented in this paper is actually employed to
carry out the experiments on spherical plasma compression.
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OnTHMEjiH3HpoBaHHafl HeThipexKaHajibHafl :ia3epnaa ycTaHOBKa Ha neo\MVIOBOM
CTeKJie, npe™Ha3HaHeHHaa ;ijin HOJjie/joBaHHH ctjjepHHCKOH kolVhpecchh njia3Mbi
B pa6oTe npel/icTaBlJieHa HeThipexKaHajibHa» jia3epHaH ycTaHOBKa 60jibiuoH moiuhocth Ha HeoztHMo-

bom CTeKJie, nocTpoeHHaa b MHCTHTyTe <I>h3hkh njia3Mbi h Jla3epHoro MHKpocHHTe3a, onTHMH3Hpo-
BaHHaa Ha ochobc TeopeTHneekhx pacneTOB jia3epHoro TpaKTa.



