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Abstract.  A new front-end system for a cryogenic Yb : YAG laser is 
designed. The system consists of a femtosecond source, a stretcher 
and a regenerative amplifier with an output energy of 25 mJ at a 
pulse repetition rate of 49 kHz, a pulse duration of ~2 ns and a 
bandwidth of ~1.5 nm. After increasing the pump power of the 
regenerative amplifier, it is expected to achieve a pulse energy of 
~1 mJ at the input to cryogenic amplification stages, which will 
allow one to obtain laser pulses with a duration of several picosec-
onds at the output of the cryogenic laser after compression.

Keywords: pulsed laser, disk laser, Yb :YAG, regenerative ampli-
fier, Bragg gratings, diffraction gratings.

1. Introduction

Researchers of the Institute of Applied Physics, Russian 
Academy of Sciences, work on the creation of a repetitively 
pulsed laser with a high pulse energy (~1 J) at a high pulse 
repetition rate (~1 kHz) [1]. High-power amplification stages 
are based on thin-disk Yb : YAG active elements (AEs) cooled 
to liquid nitrogen temperature. These technologies allow one 
to improve heat removal from the AE, decrease the thermally 
induced distortions and increase the amplification efficiency. 
A front-end system for these cryogenic amplifiers was devel-
oped by us based on an Yb:YAG disk with water cooling and 
the following output parameters: pulse repetition rate 1 – 2 
kHz, pulse energy ~1 mJ and pulse duration 3 – 7 ns, which 
was obtained using Q-switching by a Pockels cell [1]. One of 
the main applications of high-energy systems with a high 
pulse repetition rate is pumping of parametric amplifiers of 
broadband femtosecond lasers [2, 3]. This requires shortening 
of pump pulses to a few picoseconds and precise matching of 
the amplified and pump pulses. The best matching is achieved 
in a scheme in which a master oscillator for both the femto-
second and pump channels is a broadband femtosecond laser. 
In addition, this source allows pumping with a needed dura-
tion. To implement the above concept, we purchased an 
Antaus (Avesta) laser system consisting of a fibre femtosec-
ond laser with an amplifier and the following output charac-
teristics: pulse energy 1 mJ, pulse duration 200 fs, bandwidth 

8 nm and pulse repetition rate 3 MHz. The radiation of this 
source is divided into two (signal and pump) channels. In the 
future, we plan to compress the signal pulse to a duration of 
~20 fs in a commercial gas compressor and to stretch it by 
chirped mirrors to a duration of ~10 ps. In the present work, 
we consider the pump channel, which is used as a base for 
producing a new front-end laser system for a cryogenic disk 
amplifier.

2. Stretcher of the front-end system

According to experimental results, amplification in cryogenic 
stages occurs without distortions in the case of pulses with a 
spectral width at half maximum of ~0.7 nm, which corre-
sponds to a transform-limited pulse duration of ~2 ps [1]. For 
calculating the stretcher parameters, the total radiation band-
width Dl was determined to be 1.5 nm at a level of 0.03. To 
stretch such a narrow-band pulse in time to 1 ns, the group 
delay dispersion of the stretcher material must be high, which 
considerably restricts the choice of an appropriate optical ele-
ment.

2.1. Stretcher based on holographic diffraction gratings

In the first experiments, we used an available holographic dif-
fraction grating (DG) with dimensions of 32 ´ 24 cm and a 
groove density of 1200 grooves mm–1. Usually, a stretcher 
consists of a pair of DGs separated by an optical system with 
a magnification of –1 [4]. Such an optical system forms in the 
image domain a ‘virtual compressor’, which consists of a pair 
of parallel DGs, namely, of the second grating of the stretcher 
and the image of the first grating [5 – 7]. In this case, the abso-
lute values of the dispersion of all orders are precisely matched 
(identical in absolute values but opposite in signs) to the dis-
persion of a Treacy compressor [4] provided that the line den-
sities and the angles of light incidence on the grating coincide. 
Thus, to design a stretcher, we at first calculated the parame-
ters of the future compressor [8 – 10].We ascertained that the 
dimensions of the available DG are sufficiently large. As an 
optical system with a magnification of –1, we chose a 2Nf 
optical system [11, 12] (or equivalent). This system consists of 
two confocal positive lenses with identical focal distances f 
and a collecting lens in their common focus. The focal dis-
tance of the negative collecting lens is determined as fcol = 
f / [2(N – 2)]. In practice, one most often uses a Martinez 
optical system with a plane collecting mirror, N = 2 [7, 4], or 
the Öffner 6f optical system with a convex collecting mirror, 
N = 3 [13 – 19]. For us, the N parameter was free and allowed 
us to calculate and assemble a rather small-size (120 ´ 100 cm) 
stretcher with a required dispersion; in our scheme, we use N = 7.
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The experimental scheme is shown in Fig. 1. The radiation 
of a femtosecond master oscillator propagates through a 
Faraday isolator, after which the pulse repetition rate 
decreases by a Pockels cell (PC) based on a BBO crystal 
(EKSMA, Lithuania), and the beam enters the stretcher. The 
output beam spectrum and temporal profile are presented in 
Fig. 2. One can see that these characteristics satisfy our 
requirements. The main drawback of the stretcher was that 
the angle of incidence of the beam on the DG (a = 15°) 
strongly differed from the Littrow angle (qL = 38°), which 
led to high losses (only about 10 % of energy passed through 
the stretcher). The optimisation calculation presented 
below showed that, using a standard DG with a groove den-
sity of 1740 grooves mm–1, it is possible to decrease the DG 
width from 32 to 24 cm and work at an angle of incidence 
close to the Littrow angle, i.e., with minimal losses. In addi-
tion, the closer the N parameter to three, the lower the aber-
rations. In the optimal scheme, N = 4.

2.2. Stretcher based on chirped volume Bragg gratings

In recent years, the technologies of production of one more 
type of dispersive elements – chirped volume Bragg grating 
(CVBG) – have been extensively developed and upgraded. 
The principle of operation of CVBGs is similar to the princi-
ple of operation of chirped mirrors, but the incoming phase 
difference between the short- and long-wavelength beams in 
the case of CVBGs is several orders of magnitude higher. 
CVBGs are not as universal as holographic DGs, but have 
some advantages, namely, they are easy to adjust, are com-
pact, can provide both positive and negative group delay dis-
persions, etc. Until recently, commercially available CVBGs 
had a maximum stretching factor of 100 ps nm–1 per reflec-
tion, i.e., at a pulse bandwidth of 0.7 nm, one had to use more 
than 15 reflections. Taking into account that the angle of inci-
dence on a CVBG is assigned and each grating is rather 
expensive, it was difficult to produce a stretcher based on 
these gratings. However, recently commercially available 
CVBGs from OptiGrate with a high time-stretch factor per 
reflection have been reported [20]. We purchased two gratings 
with a time-stretch factor of 220 ps nm–1  at a spectral width 
of 2.2 nm. The reflection maximum lied at the desired wave-
length 1029.7 nm at the angle of incidence on the grating of 
5°. Using polarisation decoupling methods, we assembled a 
compact stretcher with four reflections from each grating 
(Fig. 3). At the output, we obtained 2-ns pulses with a band-
width of ~1.5 nm, which corresponds to the required param-
eters (Fig. 4). The losses in the spectral range of interest were 
~50 %.
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Figure 1.  Scheme of a stretcher based on a holographic DG; thin lines 
correspond to the long-wavelength edge of the spectrum, and thick lines 
correspond to the short-wavelength edge.
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Figure 2.  (a) Spectrum and (b) time profile of radiation pulses at the 
exit of a stretcher based on a holographic DG.
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Figure 3.  Scheme of a CVBG stretcher.
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Figure 4.  Time profiles of pulses at the exit of a CVBG stretcher (solid 
curve) and at the output of a regenerative amplifier (dashed curve).
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3. Regenerative amplifier

One of the optical synchronisation problems is that one has to 
amplify the pump signal energy from a submicrojoule level to 
several joules. To amplify a signal by several orders of magni-
tude, it is proposed to use a thin-rod amplifier after the 
stretcher [21]. Thin-rod AEs can have a gain of 10 – 30 and 
provide an output pulse energy exceeding 1 mJ, which is more 
than enough for an input signal of a cryogenic disk laser.

A thin Yb : YAG rod (dopant concentration 1 %) 1.2 mm 
in diameter and 30 mm long is used in the single-crystal fibre 
geometry (Fig. 5). The pump radiation is coupled in through 
two faces and propagates through the crystal multiply reflect-
ing from its side surface due to the total internal reflection. 
The signal radiation is coupled in through dichroic mirrors 
and easily passes through the AE crystal without touching its 
lateral side. The rod was cooled from the lateral side, for 
which purpose it was mounted in a copper heat sink using 
indium solder as an intermediate material. The heat sink was 
cooled by running water flowing in its internal channels.

The small-signal gain in the developed thin-rod laser head 
was measured as a function of pump power (Fig. 6). The max-
imum gain per pass was only two times, which relates to a low 
pump power. Indeed, the gain in an AE begins to exceed unity 
at an absorbed pump power of 30 W, which completely 
corresponds both to calculations and to the results of 
works [21, 22]. Note that the gain is almost the same for 

pulsed and cw pumping, which indicates the absence of ther-
mal effects. To achieve the desired tenfold gain per pass, one 
must increase the pump power approximately by a factor of 
2.5 and decrease the AE diameter from 1.2 to 1 mm. By using 
such an AE in an ordinary four-pass scheme, the signal after 
the stretcher of the front-end system will be amplified by 
about 104 times (to 1 mJ). The pulse repetition rate in this case 
can be 1 – 20 kHz with the same pulse energy.

To achieve a required gain, one can use a regenerative 
amplifier. Despite some drawbacks (poor contrast and insuf-
ficient stability) compared to multipass amplifiers, it is the 
regenerative amplification principle that is most often used to 
significantly increase the pulse energy of fibre sources.

Based on a thin-rod AE, we fabricated a regenerative 
amplifier according to the scheme shown in Fig. 7. For the 
laser head described above, we assembled a cavity with one of 
the shoulders increased to 0.7 m with the help of of a tele-
scopic system consisting of a negative lens and a concave mir-
ror. The cavity includes a polariser and a Pockels cell for cou-
pling the amplified radiation in and out. This cavity was 
adjusted for stable lasing of single-mode radiation with an 
output power up to 4 W at the maximum pump power. Note 
that the main drawback of the thin-rod AE geometry is the 
appearance of a strong thermal lens (its focal distance in the 
studied AE was ~0.5 m). This leads to the necessity of read-
justing the telescopic shoulder of the cavity with changing the 
pump power.

In the regenerative amplification regime, the beam after 
the stretcher is focused by a lens to form the input signal 
divergence corresponding to the divergence of the cavity 
mode. Then, one of the pulses is blocked in the cavity by 
applying voltage to the Pockels cell synchronised with the 
femtosecond source via the control unit. The number of 
amplification passes is measured by a photodiode placed 
behind the highly reflecting mirror and can be controlled by 
the delay in switching off the Pockels cell. After the second 
switching action, the amplified pulse returns and is coupled 
out by a Faraday isolator placed behind the stretcher.

In the developed regenerative amplification scheme, we 
managed to amplify the pulse energy after the stretcher from 
0.1 to 25 mJ per 15 cavity round trips. In this case, the pulse 
repetition rate was 49 kHz at an average output power of 
1.3 W. The amplified pulse becomes slightly shorter than the 
pulse after the stretcher since the pulse is cut by the Pockels 
cell due to insufficient length of the telescopic shoulder of the 
cavity (see Fig. 4, which presents an oscillogram of an ampli-
fied pulse recorded by a photodiode with a response time of 
70 ps and an oscilloscope with a transmission band of 
2.5 GHz). Note also that the amplified pulse profile is close to 

Copper heat sink

Water flow

Water flow

In
p

u
t 

si
gn

al

O
u

tp
u

t 
si

gn
al

Yb:YAG thin rod

D
io

d
e 

p
u

m
p

in
g

D
io

d
e 

p
u

m
p

in
g

a

b

1 1
2 2

11

2

2

Figure 5.  (a) Cooling and pumping scheme of a thin Yb:YAG rod and 
(b) a photograph of a thin-rod laser head.
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Figure 6.  Small-signal gain in a thin rod under cw pumping.
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Figure 7.  Scheme of a thin-rod regenerative amplifier.
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the P-shaped profile of the pulse after the stretcher. The 
retention of this pulse profile is very important for further 
amplification in a cryogenic disk laser because the pump pulse 
profile determines the parametric amplification efficiency.

Note that it is planned to increase the gain, which was 250 
in the developed regenerative amplifier, to 104. The main fac-
tor restricting the gain is high loss at the polariser due to 
depolarisation arising in the AE and the Pockels cell. Due to 
this loss, it is necessary to increase the number of passes 
through the amplifier, which, in turn, is limited by the begin-
ning of a ‘continuous’ lasing regime (beginning of giant pulse 
generation). The depolarisation in the AE can be compen-
sated for by a quarter-wave plate placed between the AE and 
the highly reflecting mirror of the cavity, while the depolarisa-
tion in the Pockels cell, which is obviously caused by its posi-
tion in the diverging beam, can be decreased by its replace-
ment to the region of better beam collimation.

4. Conclusions

To develop a stretcher needed for the new front-end system, it 
is reasonable to use both holographic DGs and CVBGs 
because they have a high dispersion. In the course of the 
study, we designed a program for numerical simulation of the 
paths of beams in various equivalent one- and two-grating 
stretcher schemes at given parameters of a future grating 
compressor. A scheme of a stretcher based on DGs with a 
groove density of 1200 grooves mm–1 is calculated and exper-
imentally implemented. The parameters of optical elements 
and DGs needed for the development of a more optimal 
(from the viewpoint of transmission, dimensions and cost) 
stretcher are determined. According to calculations, when a 
grating with a groove density of 1740 grooves mm–1 is used, 
its width decreases from 32 to 24 cm, and the working angle 
of incidence becomes close to the Littrow angle, which leads 
to an increase in the first-order diffraction efficiency. A 
stretcher based on two CVBGs with four reflections from 
each grating is experimentally implemented. The developed 
scheme is much more compact than the previous one and is 
simpler aligned.

A laser head based on a thin Yb : YAG rod (dopant con-
centration 1 %) 1.2 mm in diameter and 30 mm in length is 
developed in the single-crystal fibre geometry. Based on this 
laser head, we produced a regenerative amplifier, which 
allowed us to amplify the energy of pulses after the stretcher 
from 0.1 to 25 mJ per 15 cavity roundtrips. In this case, the 
pulse repetition rate was 49 kHz at an average output power 
of 1.3 W. It is expected to increase the gain from obtained 250 
to 104 by increasing the pump power.

Thus, we have developed a new front-end system for a 
cryogenic disk laser, which consists of a femtosecond source, 
a stretcher and a regenerative amplifier. After increasing the 
pump power of the regenerative amplifier, the output radia-
tion of the front-end system will be amplified in cryogenic 
amplification stages.
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