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Abstract.  A new version of the method for spatiotemporal smooth-
ing of laser radiation using spectral dispersion is proposed, which 
does not require the use of high-frequency phase modulators, i.e. a 
method based on the use of a broadband master oscillator. An 
experimental study of this method has been conducted on the Luch 
laser facility.

Keywords: smoothing of laser radiation, spectral dispersion, unifor-
mity of target irradiation, partially coherent radiation, speckles.

1. Introduction

High uniformity of target irradiation is a necessary condition 
for fuel ignition in laser thermonuclear fusion. Large-scale 
inhomogeneity of irradiation causes the occurrence and 
development of hydrodynamic instabilities that do not allow 
a high degree of thermonuclear fuel compression to be 
achieved; the presence of small-scale inhomogeneities (speck-
les) leads to the development of parametric instabilities, gen-
eration of hot electrons, and premature heating of the fuel. 
Therefore, in the case of direct irradiation of a target, the irra-
diation inhomogeneity should not exceed 1 % – 2 % [1].

On high-power Nd : glass laser facilities intended for 
research in the field of laser thermonuclear fusion, such as 
NIF, Omega, LMJ, the speckled structure of radiation on the 
target is smoothed by the spectral dispersion method (smooth-
ing by spectral dispersion, SSD). The essence of the method is 
that radiation of the master oscillator passes through a phase 
modulator and a spectral dispersion element (diffraction grat-
ing) [2]. In the spectral-angular representation, the phase 
modulator broadens the pulse spectrum, and the diffraction 
grating separates the spectral components of the radiation at 
different angles. As a result, the radiation intensity in the tar-
get plane (in the far field) is a superposition of a set of speck-
led distributions shifted in the transverse direction, which 
leads to a decrease in the contrast of the total distribution. In 
the spatiotemporal representation, radiation that has passed 
the phase modulator acquires phase oscillations j(t), and the 
grating forms a slope along the aperture of the beam front 

with a delay td in the transverse direction, which occurs due to 
the difference in the angles of incidence and reflection during 
diffraction in the nonzero order. The phase becomes nonsta-
tionary both in time and in the coordinate: j(t, y), which 
results in a change in the speckled distribution of the beam on 
the target in time. Smoothing occurs when a large number of 
independent random intensity distributions are averaged over 
the time of the plasma’s hydrodynamic response. To exclude 
the broadening of pulse fronts due to the spatiotemporal 
slope, an additional diffraction grating can be introduced into 
the SSD circuit in front of the phase modulator, introducing 
a delay of the opposite sign (Fig. 1a).

A signal E(t) with a carrier frequency w0, sinusoidal phase 
modulation with frequency wM, and depth d,

E(t) = E0exp(iw0t + idwMt),	 (1)

has a spectrum consisting of equidistant lines with an interval 
wM:
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thus, only the spectral components in the interval ±(d + 1) wM 
have a significant intensity, which gives an estimate of the 
spectral width Dw » 2(d + 1) wM. After passing through a 
grating with angular dispersion ∂q/∂l, phase modulation 
occurs in the direction of the transverse coordinate y:
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Figure 1.  Scheme of a one-dimensional SSD (a) with temporal slope 
precompensation and (b) with a fibre-optic phase modulator and a sin-
gle diffraction grating:	
(DG) diffraction grating; (PM) phase modulator; (ОF) optical fibre; 
(FOC) fibre-optic collimator.
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E(t, y) = E0exp[iw0t + idsin(wMt + ay)],	 (3)

where a is the spatial frequency of transverse phase oscilla-
tions, defined as

¶
¶2 .M

0
pa w

w
l
q= 	 (4)

The transverse time delay is
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It is possible to increase the smoothing efficiency by using 
the dispersion in two coordinates. To this end, a pair of dif-
fraction gratings oriented perpendicular to the first pair, with 
a second phase modulator between them, should be added to 
the scheme shown in Fig. 1a.

The SSD scheme with precompensation of the spatiotem-
poral slope, and especially the scheme with two-dimensional 
dispersion, requires the use of special high-frequency phase 
modulators with an aperture of several millimetres. In mod-
ern installations, the initial part of the front end system is 
based on fibre elements, and so commercially available inte-
grated optical phase modulators with a modulation frequency 
of tens of GHz can be used for SSD. Figure 1b shows a sche-
matic of the SSD system used on the Omega-EP and NIF 
installations in experiments with direct target irradiation. 
However, in this configuration, smoothing only occurs in a 
single direction, and the roll-off of the pulse fronts remains 
uncompensated during the time td.

The periodic nature of single-frequency modulation 
leads to the presence of an asymptotic level of radiation con-
trast on the target and, consequently, to a relatively small 
smoothing, since the beam phase reproduces its shape in a 
time T = 2p/wM, and due to the spectrum discreteness, the 
irradiation inhomogeneity for part of the spatial frequencies 
is not smoothed at all. These disadvantages can be eliminated 
if multi-frequency phase modulation is applied at specially 
selected non-multiple frequencies. For example, on the 
Omega-EP installation, the modulation is performed at 
three frequencies: 21.2, 22.8, and 31.9 GHz with amplitudes 
of 0.45, 1.04, and 2.07, respectively, which results in a third 
harmonic spectrum width of ~0.5  THz with an aperture 
delay of td = 245 ps [3].

When using the SSD method, unlike other smoothing 
methods, the laser radiation in the amplifying path is not 
intensity-modulated (although in this case, special measures 
must be taken to prevent the transition of phase modulation 
to amplitude modulation); this is important for high-power 
installations operating in high fluence regimes near the dam-
age threshold. Another advantage of the method is the possi-
bility of efficient conversion of broadband radiation into the 
third harmonic; in this case, the magnitude and direction of 
the spectral dispersion are made consistent with the disper-
sion of the phase-matching angle in the converter crystal.

We have proposed a passive version of the smoothing by 
spectral dispersion, in which radiation of the master oscilla-
tor (MO) itself has a wide spectrum, which makes it possible 
not to use microwave phase modulators. The advantage of 
this method is the simplicity of implementation, a large spec-
tral width, and the absence of an asymptotic contrast level 
on the target. The intermode distance of the output radia-
tion spectrum is 3 – 4 orders of magnitude less than the MO 

spectrum width; thus, its spectrum can be considered quasi-
continuous, i.e. smoothing of the laser radiation inhomoge-
neity on the target occurs in a wide range of spatial frequen-
cies.

2. Scheme and conditions of experiments

A scheme of the front end system is shown in Fig. 2. An 
electro-optically Q-switched, flash-lamp-pumped master 
oscillator on a neodymium phosphate glass with a flat reso-
nator has a spectral width of 2  nm at a level of 0.5, and 
5.4 nm at a level of 0.01 (0.54 and 1.46 THz, respectively); 
the pulse duration is 17 ns at a centre wavelength of 
1054.2 nm. The MO spectrum recorded by the high-resolu-
tion Solar LS SHR spectrometer (l/Dl = 30000) is shown in 
Fig. 3. After passing through a single-pass preamplifier 
PA1, the MO radiation enters the Pockels gate, which cuts 
out a 5 ns pulse and serves as a decoupling between the pre-
amplifier stages. Next, the pulse is amplified in the second 
(two-pass) preamplifier PA2 and reflected from the diffrac-
tion grating (1200  lines mm–1) located at an angle close to 
the Littrow angle of 39°. The diffraction efficiency of the 
grating in the –1st order is ~70 %.
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Figure 2.  Scheme of the reference radiation formation system with pas-
sive spectral smoothing:	
(MO) master oscillator; (PA1, PA2) preamplifiers; (Q) quantron; (GTP) 
Glan – Taylor prism; (PC) Pockels cell; (P) polariser; (l/4) quarter-wave 
phase plate; (FI) Faraday insulator; (GT) Galileo telescope; (DG) dif-
fraction grating; (KT) Kepler telescope; (SA) serrated aperture. 
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Figure 3.  Master oscillator spectrum.
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After passing the diffraction grating, the radiation beam, 
magnified by the Kepler telescope (KT), enters the system for 
forming a square apodised beam profile, consisting of a ser-
rated aperture and a spatial filter, and then arrives at the 
input of the main amplifying channel of the Luch facility [4].

The size of the beam incident on the grating (1 cm) was 
chosen in such a way that the angular size of the radiation in 
the channel (after magnification by a factor M = 36)
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was less than the minimum angular aperture of the spatial 
filters in the path, equal to 300 mrad.

At ∂q/∂l = 1.55 ́  10–3 rad nm–1 and Dl = 5.4 nm, we have 
Dq = 225 mrad. In this case, the time shift is td = 53 ps, which 
is negligible from the viewpoint of pulse broadening, but 30 
times higher than the coherence time.

The radiation dispersion was introduced in the direction 
of polarisation, i.e., orthogonal to the matching plane of the 
KDP crystal – a converter to the second harmonic, which is 
located at the amplifying channel output and operates with 
type-I phase matching. This circumstance, as well as the large 
spectral width of the second harmonic generation matching in 
the KDP crystal (∂Dk/∂l = 0.18 cm–1 nm–1) provided a rela-
tively high conversion coefficient of the fundamental frequency 
into the second harmonic without taking any special measures.

3. Experimental results

A series of experiments on the amplification of smoothed 
radiation and its conversion into the second harmonic was 
performed on the Luch laser facility. At the channel output, 
the pulse energy of the first harmonic up to 756 J at a beam 
size of 18 ́  18 cm was obtained, with a technical coefficient of 
conversion to the second harmonic up to 32 % (a ratio of the 
pulse energy at a frequency 2w at the nonlinear crystal output 
to the energy of a pulse with a frequency w, incident on the 
crystal), and a pulse duration of 4 ns. Both the gain and the 
conversion efficiency of smoothed radiation virtually do not 
differ from those for unsmoothed radiation at given intensity 
values.

Figure 4 shows the time-integrated images of the beam 
incident on the target (using a lens raster and an objective lens 
with F = 100 cm forming a rectangular spot approximately 
600 ́  300 mm in size), recorded in an equivalent plane.

To evaluate the efficiency of one-dimensional smoothing 
at various spatial frequencies, the spatial spectra of the energy 
density distributions Q(x, y) shown in Fig.4 were calculated. 
To this end, the square of the modulus of the discrete two-
dimensional Fourier transform (FFT) of the function Q(x, y) 
was averaged over the vertical coordinate:

( ) ( , ) ,dS Sx x y y\n n n ny

where S(nx, ny) = |FFT{Q(x, y)}|2.	 (7)

The S(nx) dependences for the unsmoothed and smoothed 
radiation are shown in Fig. 5. The small-scale inhomogeneity 
(with a characteristic size of less than 100 mm) in the horizon-
tal direction was reduced by 2 – 3 orders of magnitude for the 
smoothed spot compared to the non-smoothed one. 

The energy density contrast (the ratio of the root-mean-
square deviation to the mean value) in the central part of the 
spot is 65.2 % for unsmoothed radiation and 22.3 % for 
smoothed radiation. In the high-frequency part of the spec-
trum (at n > 100  mm–1), the contrast is 61.4 % and 9.52 %, 
respectively, while the average contrast of the one-dimen-
sional distribution along the horizontal axis is 58.2 % and 
2.76 %.

The sweep view of the horizontal cross section of the 
smoothed radiation intensity distribution on the target 
(Fig. 6) indicates a rapid change in the position of speckles 
along the x axis. However, the true rate the speckled pattern 
rearrangement cannot be estimated from this recording, since 
the temporal resolution (~70 ps) of the streak camera used [5] 
is not sufficient to record changes occurring during the laser 
radiation coherence time (~0.9 ps at the second harmonic).

4. Conclusions

A new version of the method of one-dimensional spatiotem-
poral smoothing of laser radiation by spectral dispersion is 
proposed and implemented – the version is based on the use 
of a broadband master oscillator. An advantage of this 
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Figure 4.  Energy density distributions on the target (a) by using coher-
ent radiation from the standard front end system of the Luch facility 
and (b) by using a passive SSD.
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Figure 5.  One-dimensional spatial spectrum of the energy density dis-
tribution on the target along the horizontal axis for ( 1 ) unsmoothed 
and ( 2 ) smoothed radiation.
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method is a wide radiation spectrum, which is difficult to 
attain when using phase modulators, and, as a result, a short 
coherence time (accordingly, a rapid rearrangement of the 
speckled intensity distribution on the target), as well as the 
possibility of using a diffraction grating with a lower disper-
sion, which entails lesser spreading of the pulse fronts due to 
the spatiotemporal shift. It is important that the emission 
spectrum of the broadband MO is quasi-continuous, rather 
than discrete, as in the case of using a phase modulator. The 
consequence of this is a high degree of smoothing (the absence 
of an asymptotic contrast level), as well as its uniformity in 
the small-scale part of the spatial spectrum of the spot in the 
far field.

Experiments on the generation, amplification and conver-
sion to the second harmonic of partially coherent radiation 
with passive SSD have been performed on the Luch laser 
facility. The gain and conversion coefficients do not differ 
from the corresponding coefficients for the coherent radia-
tion of the master oscillator of the facility. Smoothing resulted 
in a 6.5-fold decrease in the contrast of the small-scale part of 
the two-dimensional energy density distribution on the target, 
and a 20-fold decrease in the contrast of the one-dimensional 
distribution (along the direction of dispersion).

To take full advantage of the SSD method, it is necessary 
to design a broadband master oscillator with controlled spa-
tiotemporal characteristics, in which the spectrum width 
arises due to random phase oscillations rather than to ampli-
tude oscillations. The solution to this problem can become an 
obstacle in the implementation of the described method of 
passive smoothing in comparison with the use of microwave 
phase modulators.
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Figure 6.  Streaked image of the horizontal cross section of the spot 
shown in Fig. 4b.


