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Direct amplification of picosecond pulses

in neodymium glass with a power density above 100 GW cm

2
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A.l. Popov, G.V. Sklizkov, A.N. Starodub, A.M. Chekmarev

Abstract. A scheme for amplification of ultrashort laser
pulses is studied, which is used in experiments on symmet-
risation of ablation pressure with the help of a prepulse upon
acceleration of foils by laser radiation of high brightness. The
possibility of direct amplification of short pulses before their
expansion in order to increase the energy contrast is
considered. In experiments performed on the PICO facility,
the amplification of a 10-ps pulse with a power density
exceeding 100 GW cm~? is demonstrated with the gain equal
to 1.2 and the inversion drop above 30 %.

Keywords: ultrashort laser pulses, amplification of laser pulses,
laser plasma heating, interaction of radiation with matter.

1. Introduction

Modern picosecond and femtosecond solid-state laser
facilities are based on the principle of amplification of
chirped pulses [1—3]. This method provides the generation
of petawatt laser pulses with the energy above one kilo-
joule, which produce the power density on a target
exceeding 10*' W ecm™2. One of the important problems
involved in these studies is the production of a high energy
contrast for a laser pulse irradiating a target. A high
contrast of laser pulses is important both in studies on the
heating and compression of thin-wall shell targets (see, for
example, Ref. [4]) and in experiments modelling physical
processes in such targets. In particular, to analyse correctly
the influence of the prepulse on symmetrisation processes in
PICO experiments [5] on the symmetrisation of ablation
pressure using a prepulse upon acceleration of thin foils
imitating shell targets [5], it is very important to have the
main (heating the target) pulse with high contrast. The
theoretical analysis shows that the prepulse can reduce the
inhomogeneity of the target heating caused by the presence
of speckles in a laser beam [6, 7].

The appearance of a pedestal and prepulses, when the
intensity contrast is equal to 107" —107°, is caused by
several reasons. First, by the restriction of the spectrum
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during the pulse extension and compression and by phase
distortions in the optical path, which produce a pedestal of
duration of tens and hundreds of picoseconds. Second, by
the limited contrast of the optical Pockels gate in a
regenerative amplifier resulting in the pulse ‘leakage’ and
the appearance of a prepulse. Third, by the pedestal
amplification appearing upon generation of the driving
femtosecond pulse and by the noise of spontaneous emission
of the regenerative amplifier, which is amplified together
with a chirped nanosecond pulse and produces a nano-
second pedestal after compression [1—3, 8, 9].

The influence of the first factor can be reduced down to
the level of 10~% in intensity by increasing the width of the
transmission band of a system for extension and compres-
sion of pulses and compensating the higher-order dispersion
and phase distortions in the optical path [2]. The use of
additional Pockels cells with a high contrast provides the
suppression of the prepulse appearing due to the pulse
‘leakage’ from the regenerative amplifier and ensures the
contrast at a level of 107°. However, the third factor cannot
be eliminated within the framework of a conventional
scheme for generation and amplification of chirped pulses.
After compression, amplified spontaneous emission of
duration a few nanoseconds can contain the energy com-
parable with that of the main femtosecond pulse.

The authors of Ref. [§] enhanced the pulse contrast by
amplifying a 3-nJ pulse from a femtosecond laser up to the
microjoule level, then eliminating a pedestal using a satu-
rable absorber, expanding the pulse to the nanosecond
duration, and amplifying it again in the regenerative
amplifier. The amplification in the regenerative amplifier
of a ‘pure’ pulse with the energy three orders of magnitude
greater than in a conventional scheme resulted in the
contrast enhancement by a factor of 100. Taking into
account the real pulse energy losses during chirping and
phase-matching losses upon the signal injection into the
regenerative amplifier, the spontaneous emission noise of the
regenerative amplifier and the pedestal of the oscillator
restrict the energy contrast of radiation at the level
107* = 107> The contrast can be substantially improved
by converting an ultrashort pulse into the second harmonic.
However, this involves severe technical problems and can be
performed at present only when the pulse energy does not
exceed 20 J [10].

In this paper, we studied the possibility of a direct
amplification of picosecond pulses in a neodymium glass to
enhance the pulse contrast and demonstrated a direct
amplification of picosecond pulses with a power density
above 100 GW cm 2.
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2. Direct pulse amplification as a method
for the pulse contrast enhancement

The direct amplification of a femtosecond pulse up to the
millijoule level allows one to exclude a regenerative
amplifier from the optical scheme and amplify chirped
pulses with contrast exceeding 1077 directly in final cas-
cades.

The intensity of laser radiation in a short (L ~ 1 cm)
amplifier is restricted by the disintegration of the laser beam
due to small-scale defocusing and optical breakdown of a
surface. The surface radiation resistance of fused silica and
laser glasses irradiated by 10-ns—100-fs laser pulses was
studied in papers [11—13]. The threshold density Ey of the
optical breakdown for 10-ps— 10-ns pulses is proportional to
the square root of the laser pulse duration At;/z. For
At, <5 ps, the dependence Eg(Af) is saturated and the
damage threshold proves to be constant and equal to
Eqy>2Jcm™2 for 100-fs—1-ps pulses. Thus, the damage
threshold for a 10-ps pulse exceeds 200 GW cm 2, while for
100-fs pulse this threshold is 2 x 10* GW ¢cm ™.

Let us estimate the restriction imposed on the radiation
intensity by small-scale self-focusing from the value of the
decay integral B. In the case of direct amplification of a
femtosecond pulse, the restriction on the integral B is
eliminated because of phase modulation. In the approxi-
mation of exponential amplification and a small value of the
product of the gain a by the active medium length L, we
have

B:Z%%(e“ —1) zzjnyIOL. (1)
For neodymium glasses and a sapphire crystal, y =
(1.5-2.5)x 1071 [14] and 33 x 107" cm?> W' [9],
respectively. For B=2 and L=1cm, we obtain [, =
100 GW em ™.

Let us estimate from (1) the integral B in a multistage (or
multipass) amplifier. If the radiation intensity, the decay
integral, and the gain in the last stage are [, By, and G,
respectively, then these quantities in a previous stage are
I,/G, By/G, etc. As a result, we obtain that the integral
accumulated after all the passes is By = ByG/(G — 1).
Assuming that By = 3 and reducing this value by the factor
G/(G—1)=3, we obtain By=1 for G=1.5 and the
radiation intensity in the last stage is I, = 50 GW cm .

3. Specific properties of direct amplification
in Nd: glass lasers

Consider the possibility of direct pulse amplification in a
neodymium glass. The transmission band of a neodymium
glass makes it possible to obtain 150-fs pulses [15], and a
combination of glasses of different types allows the
generation of even shorter pulses [16]. Neodymium glass
is the only active medium in which 300—500-fs pulses can
be obtained with energies of up to kilojoule [1, 3]. Because
Ti:sapphire amplifiers have a low cross section for
stimulated emission at the 1.055-um wavelength of a
neodymium laser (¢ = 2.6 x 1072 cm? [9]), it is worthwhile
to use them for direct amplification to enhance the contrast
only at a wavelength of 800 nm [8]. The stimulated emission
cross section of a phosphate glass is almost half as much, so
that a neodymium glass is a good medium for the contrast
enhancement.

Upon pumping by a nanosecond second-harmonic pulse
from a neodymium laser, the gain per unit length is

_0koss
hvlL

KKK, 2

where E 53 is the pump energy density; K is the absorption
coefficient for pump radiation; K, = 0.5 is the coefficient of
pump-photon utilisation; and K3 =exp(—1;/1) is the
coefficient taking into account the decay of inversion of
a metastable level with the lifetime 7 at the instant delayed
by 7; with respect to the pump beginning. The coefficient
K, depends on the type of the active neodymium glass
element and its length. For K; =0.5, K3=1, 6 =3.2x
107 cm? and L =1 cm, we obtain o~ 0.04E,s; cm™ .
For Eys; = 10 J cm ™2, the gain G over the length 1 cm is
exp (aL) ~ 1.5.

When the intensity of radiation in a neodymium glass is
high, nonlinear processes and absorption from the meta-
stable level can reduce the gain of short pulses. In addition,
for ~ 10-ps pulses, the gain can be reduced because the
lifetime of the lower 4111 /2 laser level is substantially longer
than the pulse duration, and the four-level scheme of laser
levels of the Nd** ion will operate as a three-level scheme.
For this reason, we measured the inversion drop and the
gain of a 10-ps pulse for the radiation intensity exceeding
100 GW cm ™.

4. Experimental results

4.1 Measurement of the inversion drop

Fig. 1 shows the optical scheme of the setup for measuring
the inversion drop produced by a 10-ps pulse. The inversion
drop was measured from luminescence of Nd** ions from
the metastable *F; /2 level. To avoid the distortion of results
caused by hole burning in the luminescence band, we
detected luminescence at the 4F3 /2 —>419/2 transition at a
wavelength of 0.88 um. This transition is weakly correlated
with the operating 1.06-um 4F3/2 —>4111/2 transition [17] and
the corresponding luminescence band is not distorted
during the inversion drop.

The inversion drop was produced by a high-power 10-ps
pulse from a Nd : phosphate glass laser included in the
PICO facility. Spatial filter (1) with the collimation
coefficient 3 : 1 defocused to obtain a weakly convergent
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Figure 1. Optical scheme of the setup for studying the inversion drop:
(1) spatial filter; (2) neodymium glass sample; (3) aperture; (4)
selective mirror; (5) calorimeters; (6) optical filter; (7) aluminium
mirror; (8) prism monochromator; (9) narrow-band filter; ( /0) photo-
multiplier.
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beam was used to increase the intensity and eliminate the
wave-front perturbations appearing upon self-focusing. In
front of neodymium glass sample (2), 2.5-mm aperture (3)
was mounted, which separated the central region of the
picosecond beam with a homogeneous spatial profile. This
aperture was also used for the spatial combining of the
picosecond pulse with the 0.53-pum pump pulse. In this
scheme, the inversion drop occurred within the entire
pumped volume of the neodymium glass.

Pump radiation was directed to the spatial filter through
selective mirror (4) by the same optical path as the
picosecond pulse. The energy of the pulse dropping the
inversion in sample ( 2)) was measured with calorimeters (5).

Luminescence of the sample was collected with spherical
aluminium mirror (7) and focused on the entrance slit of
prism monochromator (&8). The stray laser light at 1.054 pum
was rejected by narrow-band optical filter (9) mounted in
front of the entrance slit of the monochromator. The
luminescence at a wavelength of 0.88 pm was detected
with photomultiplier (/0) and a storage oscilloscope
with the time resolution no more than 1 ps. The mono-
chromator was tuned to the centre of the luminescence band
of a neodymium glass under study by pumping the glass by
the green harmonic from a repetitively pulsed Nd** : YAG
laser.

The delay between the pump pulse and the inversion-
drop pulse was 200 ps. Upon narrow-band laser pumping,
the initial shape of the luminescence band can differ from
the stationary band shape [18]. However, after ~ 10™* s, due
to cross relaxation energy transfer between Nd>* ions in the
glass, the luminescence band acquires the stationary shape.
In this case, we can compare our results with the data [19]
obtained upon flashlamp pumping.

Fig. 2 shows the oscillograms of the inversion-drop pulse
in a GLS21 phosphate glass. A sharp leading edge corre-
sponds to pumping by the 20-ns pulse and fast relaxation to
the metastable 4F3/2 level for the time no longer than 1077 s.
The time of the exponential decay equal to 350 ps corre-
sponds to the relaxation time of the metastable level in the
GLS21 glass. A step in the decay curve corresponds to the
drop of inversion by the picosecond pulse.

The inversion drop in GLS21 and KNFS8 phosphate
glasses achieved 20% —30% for the energy density
E=1-2Jcem™2 (I=100-200 GW cm %) without the
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Figure 2. Oscillograms of luminescence in GLS21 (a) and KNFS8 (b)
glasses.

11 -

04 W -~ e
o 03/’/
03 oo <
o//&’ °
e

02~
01 1 1 1 1 1

1.0 L5 2.0 2.5 E/J cm™?

Figure 3. Experimental dependences of the inversion drop 5 on the
radiation energy density E for a 10-ps laser pulse (circles) in the GLS21
glass. The dashed curve shows the dependence n(E) for a(0)=
42 x 1072 cm? [17).

optical breakdown of the glass surface. The dependence
of the inversion drop # on the energy density £ in the GLS21
glass for this case is shown by open circles in Fig. 3. The
dark circle corresponds to the appearance of a burn on the
rear surface of the glass.

The authors of papers [17, 19] obtained the linear
dependence of the ratio N(0)/N(E) of the initial and
final inversion levels on the energy density for phosphate
and silicate glasses

NO) E
NE 14 0(0) — 3)

where ¢(0) is an empirical constant.

The dashed curve in Fig. 3 corresponds to the experi-
mental dependence of the inversion drop n = [N(0)—
N(E)]/N(0) produced by 50-ns and 6-pus pulses in the
GLS22 glass [19]. Our data obtained for the 10-ps pulse
coincide with these data within the experimental error
(GLS21 and GLS22 glasses differ by concentrations of
Nd** jons), which can be explained by fast relaxation of
excitation over the Stark components of laser levels.
Numerical calculations performed using the model [20]
taking into account the structure of luminescence bands
show that, for E=11J cm’z, the difference in the inversion
drop produced by long (compared to the lower-laser level
lifetime) and short laser pulses is 10 % —15 %.

4.2 Amplification of picosecond pulses
in a neodymium glass upon laser pumping

The amplification of a 10-ps light pulse in a neodymium
glass plate pumped by a laser was measured with
calorimeters on the setup shown in Fig. 4. The light
beam of diameter 45 mm entered into vacuum spatial
filter (/) with neodymium phosphate plate (2) mounted at
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Figure 4. Optical scheme of the setup for measuring the amplification of
the 10-ps pulse in a neodymium glass plate: (/) spatial filter; (2)
phosphate glass plate; (3) aperture; (4) 3-mm aperture; (5—7) calori-
meters.
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its output instead of a lens. Aperture (3) placed in front of 7.
the spatial filter selected the central part of the beam,
reducing the beam diameter on the plate down to 2 mm. 3-
mm aperture (4), aligned with aperture (3), was placed
directly behind plate (2). The pump energy incident on anggy o
area of diameter 3 mm and the gain of the system were

doi> K

measured with calorimeters (5), (6), and (7). The gain was = 10.

averaged over five-six individual measurements.

We found from a series of measurements performed with
the GLS21 glass plate of thickness 1 cm, when the amplified
pulse was delayed by t; = 200 us with respect to the pump
pulse, that G =1.12 and «=0.113 cm”!

energy equal to 5.1 Jcm™2.

= 11.

When the delay time was

reduced down to 30 ps, the pump energy density being 14

invariable, the value of « increased up to 0.17 cm™'. The

calculations by expression (2) give in these cases o = 0.12@8 15.

and 0.19 cm™', respectively. The radiation intensity did not
exceed 100 GW cm ™.

In the second series of measurements with the KNFS8 7.
glass for the delay 7; = 30 us, we obtained G = 1.2 and « =

0.182 cm™'. In this case, the pump energy density was lower @3 18.
than that in the GLS21 glass. However, due to a greater 1%

absorption coefficient K;, the energy accumulated on the

metastable level per unit volume remained the same. A,

greater amplification observed in the KNFS8 glass is
explained by a greater cross section for the stimulated
transition in this glass.

5. Conclusions

Our experiments have shown that pulses of intensity above
100 GW cm ™2 can be directly amplified in a neodymium
glass. The inversion drop produced by a 10-ps pulse of such
intensity in a phosphate glass amounted to 30 % and the
gain was 1.2. The gain G=1.5 can be expected with
increasing pump energy density and using two-side pump-
ing.

For the power density of a 100-fs pulse equal to
50 GW cm 2, the output energy 10 mJ corresponds to
the area of 2 cm® and the beam diameter of 1.6 cm. At
present, such parameters can be easily obtained because
lasers are used for pumping amplifiers with an aperture up
to 10 cm [2].
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