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1. Introduction 

Ultra-high peak power laser systems are nowadays aiming to reach the few petawatt level 
output power [1]. With the use of even more advanced light sources of 10-100 PW peak 
power, electron beams can be accelerated to the TeV energy level, while the ion beams can 
reach the energy of up to a GeV [2]. This will allow to generate secondary sources of 
ultrabright X-rays and γ-rays [3]. These achievements could be widely applied to many areas 
of science, industry, medicine, homeland security etc. Wide applications, especially industrial 
ones, of ultrahigh peak power laser systems beyond basic scientific use are kept limited unless 
their repetition rate is reaching the (sub-)kHz regime. Since the energy of the pump pulse of a 
petawatt class laser exceeds few hundred joules, it results in a significant thermal load of the 
gain medium even at a low repetition rate. 

The thin disk laser technology (TDT) that was intensively developed during the last 
decade for high average power and is applied mainly to CW and nano-picosecond systems, is 
able to alleviate thermal distortions and damages of laser crystals. It has also a potential to be 
used in systems with both high peak and average output power. With this technology the heat 
is extracted in the direction of beam propagation, across the whole aperture of the active 
medium. This allows a more effective and spatially uniform heat removal due to the 
significantly larger cooling surface compared to the conventional side-surface heat extraction. 
This method of cooling minimizes both thermal birefringence and lensing effects. 

During the last two decades an incredible progress has been achieved in this technology. 
Using diode laser pumping the output power of up to hundreds of kW was demonstrated in a 
CW-regime, hundreds of milijoule energy with nanosecond pulses and a kHz repetition rate, 
and a joule energy level at 100 Hz with ps and sub-ps pulse durations (CPA systems) [4, 5]. 
Also the oscilators with tens of MHz repetition rate and sub –ps pulses were developed [6,7]. 
The amplification in thin-disk regenerative [8] and multipass amplifiers [9] can deliver pulses 
of a mJ- level with duration of several picoseconds and the average output power ranging 
from hundreds of Watts to a kW. Furthermore, this technology possesses the ability of further 
the output power and the energy to be scaled up by increasing the pump and the seed beam 
diameters. According to a theoretical prediction the TDT lasers can reach the output energy of 
several tens of joules with a larger disc diameter and the pump power [10]. 

The TDT has been exploited mostly for laser sources based on Yb:YAG or Nd:YAG 
active medium. The main advantage of these laser materials is the capability to be pumped by 
very effective diode pump lasers. Further, this combination supports small quantum defect 
that reduces consequently the dissipated thermal energy and the pump losses. Nevertheless, 
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the latter advantage also leads to a quasi-three level structure of energy levels, and thus to a 
large quenching of the signal wavelength and does not allow to increase the concentration of 
active ions. The high dopping of active medium is also forbidden due to the associated 
dramatic growth of the transverse amplified spontaneous emission (TASE) and the transverse 
parasitic generation (TPG) [11, 12]. The low doping results in the low pump absorption and 
the low gain. This complicates the scheme of the amplifier and leads to multi-passing for both 
the pump and the seed. 

Additionally, the active media used up to date with the TDT has narrow emission spectra. 
This limits the output pulse duration to the sub-ps range. Shortening the pulse duration and 
increasing the peak power requires active medium with a broad emission spectrum. Similarly, 
increasing the gain requires the medium with a high concentration of active ions and a large 
emission cross section. The most promising crystal with physical and spectroscopic 
characteristics that meets the above mentioned requirements is Ti:Sa. Moreover, it has several 
advantages, such as the high thermal conductivity (35W/mK for sapphire and 10 W/mK for 
YAG at room temperature). With doped crystals the difference of thermal conductivity will be 
even higher. It was shown, that doping with Yb3+ ions decreases the thermal conductivity of 
YAG at room temperature substantially (to 4.7 W/mK with 20% of Yb). At the same time, the 
concentration of Ti - ions in commonly used Ti:Sa crystals is only a fraction of a percent. This 
can’t change the host - lattice thermal conductivity significantly [13]. The higher thermal 
conductivity of Ti:Sa could both compensate for a higher quantum defect, and also allow 
using thicker crystals. The thermal conductivity of sapphire is strongly temperature 
dependent. This property is successfully used in some of high peak power laser systems where 
the active medium is cryogenically cooled (Amplitude Technologies). As an example the 
thermal conductivity at 77 K is ~1000 W/(mK) and it further increases to 6000 W/(mK) at 
around 40 K. This is more than two orders of magnitude higher than the conductivity at room 
temperature and is substantially higher than that of metals. 

In this paper we present a theoretical study of a new technology (EDP-TD) that is a thin 
disk amplifier using a Ti:Sa medium combined with the method of extraction during pumping 
(EDP) [11] aimed to overcome the afore-mentioned limitations [14]. Contrary to the 
conventionally used technique when all the pump energy arrives prior the seed, the main idea 
of the EDP method is the temporal distribution of the pump in a multipass amplifier running 
close to saturation such that the TASE losses do not have time to increase substantially 
between the passes of the seed through the active medium. The major goal of the thin disk 
technology, as follows from it’s name, an efficient removal of heat requires reduction of the 
crystal thickness. High peak power, on another hand demands the large aperture of final 
amplifiers. This combination keeping the axial gain constant leads to an increase of inversion 
losses through TASE and TPG. Thus, the tradeoff between these effects creates an optimal 
configuration that must be found for the maximally efficient operation at both the high peak 
and the average powers. 

2. The EDP-TD method of amplification 

Ti:Sapphire ultra-high power lasers with tens of PW output power would have a kJ- energy 
level. The current technology of the Ti:Sa crystal growth supports the crystal diameter of 20 
cm and the thickness in the range of several cm. Because of the substantial quantum defect, 
the Ti:Sa amplifiers are subjected to the thermal load of ~40% of the pump energy. TASE and 
TPG are strongly dependent on the axial gain and the ratio of diameter of the pumped area to 
the crystal thickness [12]. For thin Ti:Sa active media these effects cause significant depletion 
of the inverted population, and hence limit the extracted energy and the repetition rate. It was 
demonstrated also in [11] that TASE restricts the energy storing and extraction in larger gain 
apertures even stronger than TPG. The threshold for the latter effect can be increased with the 
development of new index matching materials for cladding absorbers. Since Ti:Sa is a 
birefringent media, the full index matching cannot be reached simultaneously for both 
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ordinary and extraordinary polarized light. Despite that the value of the σ cross-section is 0.4x 
of the π, at high aspect ratios TASE and TPG can become a severe problem. Since the 
thickness of active elements is fixed to several centimeters, at a large aperture of the pump 
area the TASE typically limits the stored energy to 20-30%. As was shown in [15,16], this 
limit can be mitigated with the use of EDP which significantly reduces parasitic losses 
associated with both the TASE and the TPG, making EDP-based final laser amplifiers an 
excellent candidate for the new generation of CPA-laser systems [17]. The EDP-method was 
successfully applied in several Ti:Sa-based PW-class final amplifiers, where the output 
energy was in excess of 72 J and the currently record peak power of 2 PW in a single channel 
was demonstrated [18–20]. More recently, the authors of the paper [20] achieved the new 
impressive result of extracting 192 J by replacing the crystal in the last EDP-amplifier a 
bigger aperture one [1]. With the existing technology EDPCPA-systems are able to reach the 
kJ-level output energy and even several kJ when crystals of a larger aperture for duty 
amplifiers will be available [16]. 

As mentioned above, TDT is able to overcome another limitation of the high peak power 
laser systems on the repetition rate and hence can increase their average power. Making the 
active medium thin reduces the longitudinal gain, which can be compensated by increasing 
the doping. Nevertheless, the attempt to increase the longitudinal gain by raising the 
concentration of active ions and/or using crystals with higher emission cross section leads to a 
dramatic growth of the gain in the transverse direction of the active medium and consequently 
to big losses, and finally an inability to store the pump energy due to TASE [11]. 

The transversal gain in Ti:Sa has the highest value for the extraordinary light and is 
strongly dependent on the aspect ratio A = d/L of the crystal (where d - diameter of the pump 
area, L - crystal thickness), the longitudinal gain, and the angle relative the normal to the 
crystal surface (normally cut crystals that are used in power amplifiers are considered) [12]. 
This dependence for the crystal with absorption of the pump of 93% is shown in Fig. 1 for 
different values of the aspect ratio. One can see that the highest gain is achieved at the angle 
of total reflection that for Ti:Sa equals ~35°. If the pump absorption exceeds 96.5% the major 

 

Fig. 1. Dependence of the transverse gain inside the Ti:Sa crystal on the angle between the 
longitudinal direction (normal to the crystal input surface) and direction of the ASE ray inside 
the crystal. The crystal is normally cut. The rays propagate in the plane that is perpendicular to 
the C-axis of the crystal and goes through the center of the pumped region., They start at the 
edge of the pumped region. Longitudinal gain Gl = 6, a – aspect ratio A = 2, b- A = 6, c –A = 
10. 

part of absorbed pump is concentrated close to the crystal surface, then the highest transverse 
gain corresponds to the case when the angle equals 90° (parallel to the crystal surface). 

As follows from computer modeling shown in Fig. 1, the values of the transverse gain can 
reach extreme values (tens of thousands and higher). Under these conditions any reasonable 
index matching of absorbing media on side surfaces of the crystal for limiting the TPG 
threshold will not help to avoid big energy losses through TASE. 
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For the simplified case of a thin crystal when the pump absorption is low and the inversion 
is nearly uniform distributed in the longitudinal direction, one can derive a simple equation 
that describes dependence of the transverse gain Gt on the crystal aspect ratio, 

( )1exp lnt nAG G= , where Gl is the longitudinal gain, n- refraction index of sapphire. Here, 

as mentioned above, we take in to account that the maximum of the parasitic amplification is 
reached in direction perpendicular to the polarization of the amplified IR – beam and the 
angle of incidence equals the angle of total reflection. As seen from this formula a fivefold 
reduction of the crystal thickness keeping the longitudinal gain constant increases the 
transverse gain to the factor of 150. 

The EDP-TD technique is suggested to be applied mostly in powerful final stages of ultra-
high peak power laser systems with hundreds of Terawatts to tens of Petawatts power, which 
are operating in the saturation regime. In this case the crystal doping and the low signal gain 
do not play a significant role. On the one hand, since the extraction of energy is of major 
importance, the overall gain of the amplifier can be kept as small as ~10-20. On the other 
hand, the high energy level requires a large amplifier aperture. Contrary to ‘conventional’ TD 
amplifiers with the aperture of few millimeters when several tens of passes can be done easily 
[8,9], here power stages of the said Ti:Sa systems require a crystal size ranging from 5 to 20 
cm. In this case the geometrical complexity and available space restrict the reasonable number 
of passes through the amplifier up to 6. These two requirements form the lower boundary for 
the saturated gain of 1.5-2, or the small signal gain of 3-5 per pass. 

Figure 2 demonstrates dependence of the transverse gain on the crystal aspect ratio for 
different longitudinal small signal gain values, which correspond consequently to the 
absorbed pump fluence F of Gl = 10 – F = 3.8J/cm2, Gl = 7 - F = 3J/cm2, Gl = 5 - F = 2.5J/cm2 
and Gl = 3.5 - F = 2J/cm2. Two horizontal lines presented in the figure correspond to the 
maximum possible transverse gain suppression using a conventional method of the side 
surface cladding (solid line) and its combination with the EDP-method (dashed line). In both 
cases the side surface cladding with a commonly used liquid absorber is considered. As seen 
from this picture the conventional method of transverse gain compensation supports the 
aspect ratio between 2 and 4, while the EDP-amplifiers can afford 8-15. This implies the 
ability of the latter one to increase the output energy up to 16 times. 

 

Fig. 2. Dependences of transverse gain on crystal aspect ratios. 

From these calculations one can determine the maximum value of the aspect ratio and, 
depending on the required output energy, the crystal thickness. Then, depending on amount of 
pump passes the crystal doping that will support the requierd absorption and the small signal 
gain. For example, the highest aspect ratio which EDP is able to afford for the small signal 
gain of 3.5 is 15 with the reasonable amount of signal passes of 4-5. For a 10 PW laser (300J) 
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the Ti:Sa crystal of 15cm is required, this corresponds to the crystal thickness of 1 cm and 
doping according chosen pump absorption. 

The EDP method can be applied to thin disks amplifiers in a similar way as it was done 
for conventional amplifiers [11, 15, 16]. In optimum conditions this method allows to 
significantly reduce (to 5-15%) the losses in the crystals with the big aspect ratio, or in thin 
disc crystals. Dynamics of losses during the crystal pumping with fluence of 2 J/cm2 per side 
for different aspect ratio values (1.5 - purple; 2.5 - red; 3.5 - green; 5 – blue) are presented in 
Fig. 3. This means that for the crystal with a 2 cm diameter and the thickness of 4 mm (A = 5) 
the energy of the pump comming after ~35 ns will be transferred not into the seed, but into the 
transverse lasing, thus the pump losses due to TASE will be more than 65%. 

 

Fig. 3. Dependences of the losses during pumping for crystals with the different aspect ratios. 
Dashed area corresponds to the pump pulse. 

As can be established from Fig. 3 the TASE losses require tens of nanoseconds to develop. 
In EDP-amplifier the inversion extracted by the seed passing through the active medium is 
restored between passes by an additional pumping up the crystal below the TASE anomalous 
losses point (straight dashed line in Fig. 3, which is the parasitic lasing threshold). The EDP 
method requires an extended pump-pulse duration ranging from tens to hundreds of 
nanoseconds, or a train consisting of several delayed shorter pulses. EDP can then be 
naturally combined with thin disc amplifiers. With Ti:Sa crystals of regular doping because of 
a smaller crystal thickness a smaller portion of the pump energy can be absorbed per pass. 
Multi-passing the pump the optimum EDP can be adjusted by choosing the correct distances 
of the pump and the seed pass shoulders. 

In the following we demonstrate that the combination of EDP and TDT can open a new 
line of the CPA ultra-high intense high average power laser systems with a possibility to be 
scaled up to tens of a PW peak power and hundred Hz- repetition rate. 

As an example, we have calculated losses in a 20x2 mm Ti:Sa crystal pumped with 11J 
(532nm, 100ns) and seeded by 180mJ using the method elaborated in [11]. We made some 
modification of the computer model connected with several simplified assumptions. If we 
choose a 2mm thick crystal with a high reflective coating for pump wavelength at one of the 
flat faces, only 3-5 passes (depending on the doping) will be enough to achieve effective 
absorption, wherein the distribution of pump irradiation in thickness of crystal will be very 
uniform (difference is within 3%). Taking into account the super-Gaussian pump energy 
distribution in the transverse direction we can assume the uniformity of population inversion 
density through the crystal volume. 

#252823 Received 2 Nov 2015; revised 19 Dec 2015; accepted 21 Dec 2015; published 16 Feb 2016 
© 2016 OSA 22 Feb 2016 | Vol. 24, No. 4 | DOI:10.1364/OE.24.003721 | OPTICS EXPRESS 3726 



 

Fig. 4. Losses calculated for the 200 TW/100 Hz 6-pass Ti:Sapphire EDP- power amplifier. 
Shaded area is the pump pulse. 

According to these calculations, the output energy for a EDP-amplifier is 6J for the input 
energy of 180mJ. TASE loss without EDP is ~80% (dashed curve in Fig. 4), while energy loss 
with EDP is ~10 - 15% (solid curve). With the extracted optical energy of about 6J, pulse 
duration of 15-30fs and compressor transmission efficiency of 70%, the peak power of the 
laser can reach 120-260TW, while the average power is close to 0.6 kW at the repetition rate 
of 100 Hz. 

Now let us evaluate the ability of this amplifier to dissipate the heating energy. In general 
the nonlinear non-uniform 3D parabolic partial differential equation has to be solved for 
calculating the heat distribution in the crystal. This will be done in the next part of the paper. 
Here we make a rough estimation assuming the constant distribution of heat sources in the 
bulk of the crystal due to the very uniform distribution of the pump. Besides that, the temporal 
scale of pumping (within 100ns) is significantly shorter than the heat relaxation, so we can 
employ the uniform 1D heat-transport equation for our preliminary estimation, which is de/dt 
= -dφ/dx, with constant initial and boundary conditions. Here e is the heat energy density, φ is 
the heat fluence, t - the time variable, x - the space variable, and e = cρu, φ = k·du/dx, where u 
is the temperature, c - the heat capacity, ρ - the density, k - the thermal conductivity, 
respectively. Suppose that the steady-state condition (de/dt = 0) with the crystal temperature 
of 60°C (which is safe for such kind of laser crystals) has been reached. We consider that 
dφ/dx = 0 and φ = const or equals the heat energy extracted between two shots. On the other 
hand since φ = k·du/dx, we can estimate time between shots required to extract this energy by 
this heat fluence. The temperature of coolant is taken ~5°C, which could be provided by a 
conventional thermostat, and the energy transmitted into heat after each shot is 5 J. Suppose 
du = 55°C, dx = 1.5 mm (center of the thickness) and k = 0.5W/cm·K at 5°C, φ = 183W/cm2 
and, taking into account the area of the crystal (7 cm2), we get that the time of relaxation is 4 
ms that corresponds to the repetition rate of 250Hz. 

Further increasing these parameters is possible by reducing the coolant temperature. With 
cryogenically cooled Ti:Sa crystals at the temperature ~80K and the same crystal size, it will 
be possible to achieve the repetition rate approaching tens of kHz, or hundreds Hz with the 
largest existing today crystals (20cm diameter, 2 cm thickness). 

In the following sections, the more detailed calculations of the 3D heating energy 
distribution within bulk of the crystal for different operation regimes are presented. 

3. Description of thermal model 

Thermal load in the amplifier crystal is in general calculated basing on the assumption that the 
heat is generated in case of all transitions between the electronic states of the Ti:Sa crystal, 
except the one that is associated with lasing (quantum efficiency for the given pump and the 
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seed wavelengths). However, for a more precise calculation, it is mandatory to know the 
efficiency of the specific amplifier. This way we can define a heat term that includes also the 
heat generated from the part of the stored energy which is not extracted by the seed, or by 
parasitic processes. 

We have created a 2D axisymmetric model by using COMSOL Multiphysics software 
package (finite element method, FEM). Because of the 2D geometry, we could save 
computational power and time to optimize our designs. The temperature distribution T(r,z,t) 
inside the given material at arbitrary time points can be calculated by solving the time 
dependent heat equation, which is defined as 

 ( ) ,p v

T
C k T Q

t
ρ ∂ = ∇ ∇ +

∂
 (1) 

where ρ is the density, Cp is the specific heat, k is the thermal conductivity of the material, 
and QV is the volumetric heat source term [21–23]. Temperature peaks caused by pump pulses 
can be calculated by using a time dependent analysis for the defined geometry. By resolving 
the heating in time, without losing the compactness of our model, only relatively low 
repetition rates (below 100 Hz) are accessible. For high repetition rates, the time required to 
obtain the steady state temperature distribution is growing and the minimal number of pulses 
that have to be modeled is beyond the practical limits. Thus, both the time dependent model 
and the stationary model are considered here as follows. Temporally resolved heating was 
calculated only in the case of low repetition rate systems to get information about the thermal 
dynamics of the amplifier heads. However, for our extensive, systematic investigation on the 
thermal limits of EDP-TD amplifiers, more compact calculations are required, which can be 
done by solving the stationary heat equation, that can be given in the form 

 ( )p vC u T k T Qρ ⋅∇ = ∇ ∇ +  (2) 

where u is the velocity vector. Hereafter we define the heat source expression for both time 
dependent and stationary cases. For the time dependent model we defined a heat source that 
accounts for spatial and temporal profiles of pump pulses. Considering the typically provided 
spatial profile of pump pulses in PW class amplifiers, the spatial profile was assumed to be 
flat-top. Temporal profile of the pump pulses was defined to be Gaussian with full width at 
half maximum of 100ns. The heat source term for two side pumping and arbitrary spatial and 
temporal beam properties was defined basing on [18–20], which is 

 ( )
,

1
( , , ) ( , ) ( )

( )
z L z

v TD peak spatial temporalr z t P e e f r z f t
z

Q
A

α ααη − − − = ⋅ + ⋅ ⋅ ⋅   (3) 

where α is the absorption coefficient, L is the thickness of the Ti:Sa crystal, η is the heat 
dissipation factor, Ppeak is the peak power of pump pulses, fspatial(r, z) is the normalized spatial 
intensity distribution, ftemporal(t) is the normalized temporal intensity profile of the pulses and 
A is the cross section of the pump beam inside the material. 

In the stationary model the temporal characteristics of the pump beam were not taken into 
account, which results in a more efficient analysis of the thermal limits of the EDPTD 
method. The heat source term in this case can be defined as 

 ( )
,

1
( , ) ( , )

( )
z L z

V S peak spatialr z P e e fQ r z
A z

α ααη − − − = ⋅ + ⋅ ⋅   (4) 

where Ppeak is the power of the pump beam, and the two side pumping is also assumed. 
Expressions (3) and (4) can be modified to describe multiple passes through the gain medium. 

The temperature boundary condition was used at the boundaries, where materials are in 
contact with the heat sink, thus these boundaries are kept at constant temperature (coolant 
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temperature). This approximates an optimal condition of perfect cooling. In case of the 
mount-crystal contact boundaries, a highly conductive layer boundary condition was applied, 
assuming an indium foil standing between the two materials. At the boundary, where the 
Ti:Sa and the mount are in contact with air, a convective heat flux condition was used with 10 
W/(m2K) heat convection coefficient, that is in good agreement with standard laboratory 
conditions. In case of cryogenic cooling, all boundaries except the cooled ones are taken to be 
thermally insulated (contact with vacuum). Meanwhile, the temperature dependence of 
thermal properties of Sapphire were taken into account basing on the data presented in [24] 
and built in material data in the COMSOL software. 

4. Results of thermal simulations 

The general aim of our modelling was to estimate capabilities of the EDP-TD method to 
extend TW and PW-peak power scale Ti:Sapphire amplifiers for a higher average power. The 
temperature profile inside Ti:Sa crystals was calculated for different pumping and cooling 
conditions. 

First, the temperature field distribution was modelled for the case of an amplifier with the 
diameter of 20 mm and thickness of 2 mm. The crystal is pumped from one side by pump 
pulses with energy of 11 J at 100 Hz repetition rate. The back surface of the gain medium has 
a highly reflective coating for 800 nm and 532. This surface is cooled down and its 
temperature is held at constant 278 °K. 

 

Fig. 5. Steady-state temperature distribution in a crystal with 2 mm thickness and 2 cm 
diameter (diameter of the pumped area is 1.9 cm) (a). Steady-state temperature profile in the 
transverse direction of the crystal for different longitudinal positions (from bottom to top) (b). 
Temporally resolved heating of 100 pulses producing the same steady-state temperature in the 
center (red) and at the edge of the pumped area (orange, below) of the crystal (c). 

As a highly conductive layer we assumed indium in the form of a 40 µm thick foil 
between the amplifier crystal and the copper mount. Total absorption of 95% of pump pulses 
energy could be reached with multiple passes through the crystal. As shown in Fig. 5(a) the 
peak temperature of 327.6 °K was found in the centre of the crystal, while a relatively 
uniform profile along the transverse direction can be observed Fig. 5(b) displays the 
transverse temperature profile for different longitudinal position. Because of the finite 
diameter of the pump the temperature at the edge of the pump area dropped to 278 °K 
quickly, however, the temperature profile was almost flat within the 3/5 of the radius. 
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Furthermore, the diameter of the quasi-flat area was bigger as the surface was closer to the 
coolant, this means thinner disk could be employed to achieve more uniform temperature 
distribution, but this also requires more passes for both the pump and the seed. Figure 5(c) 
shows that the central part of the crystal reaches the steady state within a longer time than the 
periphery part, and also with bigger temperature fluctuations of ~3-4°K, which is acceptable 
for using the stationary model. 

 

Fig. 6. Steady-state temperature distribution in case of the coolant temperature of 77 °K and 1 
kHz repetition rate (average pump power is 1.1 kW) (a). Steady-state temperature profile along 
the front surface of the crystal in case of 1 and 2 kHz repetition rate and 77 °K coolant 
temperature (b). Steady-state temperature distribution in case of 30 °K coolant temperature and 
6 kHz repetition rate (average pump power is 6.6 kW) (c). Steady-state temperature profile 
along the front surface of the crystal in case of repetition rates from 5 to 10 kHz and 30 °K 
coolant temperature (d). 

High repetition rate amplification means much more pump power absorbed in the gain 
medium, consequently the use of a more effective heat extraction method is inevitable. Thus, 
we calculated the temperature field in the amplifier that was described in the previous 
paragraph, but with a cryogenic cooling and at a higher repetition rate (Fig. 6). 

Calculations were performed for 77 °K (liquid nitrogen, Fig. 6(a) and 6(b), and also for 30 
°K (liquid helium, Fig. 6(c) and 6(d)) coolant temperature to investigate the optimum 
conditions for cryogenic cooling. The maximum temperature difference in case of the 70 °K 
coolant temperature at 1 kHz repetition rate (1.1 kW pump power) is 18 °K, however in case 
of 30 °K coolant temperature, the same temperature difference is reached at 6 kHz repetition 
rate (6.6 kW pump power). It demonstrates that the repetition rate can be greatly promoted 
with a lower temperature coolant. Besides that the temperature dependence of refractive index 
of sapphire at lower temperature is getting much smaller. Hence, the wavefront of the 
amplified beam at cryogenic temperature after many passes can be kept nearly the same and 
no compensation of thermal lensing is necessary. 

Large aperture Ti:Sa crystals with a high surface to volume ratio offer a good opportunity 
for efficient thermal management, and thus, can be considered as candidates to increase the 
repetition rate and hence the average power of laser amplifiers. Based on the proposed 
technology, a 2 PW peak power EDP-TD amplifier with a Ti:Sa crystal of 1 cm thicknesses 
and an aperture size of 11 cm was modelled. Water with temperature of 288 °K was taken as 
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the coolant material. Pumping was performed from the front surface with 120 J pulses at 10 
Hz repetition rate, and a highly reflective coating for 800 and 532 nm was used on the back 
surface to reflect back both the seed and the pump pulses. Multiple passes (3-4 with a regular 
crystal doping) for the pump were applied to produce 95% of total absorption of the pump 
energy (Fig. 6(a) and 6(b)). The maximal temperature was found to be ~297 K and the biggest 
temperature difference ~9 K. 

 

Fig. 7. a. Steady-state temperature distribution in the crystal with 1 cm thickness and 11 cm 
diameter for 120 J pumping at 10 Hz repetition rate (1.2 kW pump power) in case of 15 °C 
coolant temperature. b. Steady-state temperature profiles in the 1 cm thick crystal in the 
transverse direction for different longitudinal positions .c. Steady-state temperature distribution 
in the crystal with 3 cm thickness and 12 cm aperture size for 30 J per side pumping at 10 Hz 
repetition rate and side surface cooling with 15 °C coolant temperature. d. Temperature profiles 
in this crystal in the transverse direction for different longitudinal positions. 

To compare with the EDP-TD amplifier the calculations were performed for a similar 
amplifier for a crystal of 3 cm thickness and 12 cm aperture. In this amplifier the crystal was 
cooled from the side surface, with water at 15 °C temperature. The amplifier media was 
pumped from both sides, each with 30 J [Fig. 7(c) and 7(d).]. As can be seen from the 
comparison of Fig. 7(b) and 7(d), a strong temperature gradient along the radial axis appears 
and the peak temperature is much higher in this crystal than in the EDP-TD case. This can 
cause a severe beam distortion after amplification. The simulation with pump pulses of 120 J 
shows a peak temperature of 385.5 K (112°C comparing to 23°C for the TD- amplifier) in the 
centre of the crystal with the coolant temperature of 15 °C. 

We also modelled a 2 PW and a 10 PW peak power amplifiers for the case of cryogenic 
cooling with 77 K coolant temperature (liquid nitrogen), operated at 100 Hz and 10 Hz 
repetition rates, respectively. 
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Fig. 8. a- Steady-state temperature distribution in the 2 PW, cryogenically cooled amplifier 
crystal with 1 cm thickness and 11 cm diameter for 120 J pumping at 100 Hz repetition rate (12 
kW pump power) in case of 77 K coolant temperature. b. Steady-state temperature profiles for 
the 1 cm thick crystal in the transverse direction for different longitudinal positions. 

 

Fig. 9. a. Steady-state temperature distribution in the 10 PW, cryogenically cooled amplifier 
crystal with 1.5 cm thickness and 15 cm diameter for 500 J pumping at 10 Hz repetition rate (5 
kW pump power) in case of 70 K coolant temperature. b. Steady-state temperature profiles in 
the 1.5 cm thick crystal in the transverse direction for different longitudinal positions. 

Similarly to the crystals presented in Fig. 7(a) and 7(b), the pumping is performed from 
the front surface, and cooling is performed from the back surface of the gain medium, 
furthermore a highly reflective coating is assumed on the cooled surface of the crystal [Fig. 8. 
and Fig. 9]. The temperature distribution of these two cases is similar although the peak 
power has a factor of 5 difference. This shows a good scalability of this technology. 

 

Fig. 10. Dependence of the peak temperature on thickness of the Ti:Sa crystal for different 
coolant temperatures. 
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Finally, Fig. 10 shows dependence of the disk temperature on the thickness calculated for 
different coolant temperatures. The amplifier diameter was 20 mm, thickness of the gain 
medium was varied between 2 and 5 mm, while the coolant temperature changed between 
5°C and 20 °C. The crystal was pumped from one side by pump pulses with energy of 11 J at 
100 Hz repetition rate. Rapid increase of the peak temperature is observed when the crystal 
thickness is increased by few milimeters only. This shows the importance of the aspect ratio 
(thickness) of the crystal. 

We have analyzed the thermodynamic behavior of different crystal geometries in the 
broad range of the output power (from hundreds of Terawatts to tens Petawatts) and repetition 
rate (from tens of Hz to tens of kHz). As follows from the above examples, the increase of the 
peak temperature can be kept reasonable and the temperature distribution in the transverse 
direction can be done sufficiently uniform that ensures heir low impact onto the quality of the 
amplified beam. 

5. Conclusion 

We have introduced a novel technology which allows high peak power Ti:Sa lasers of a PW 
class to be scaled towards high average power, even in excess of a kW level. This is the 
combination of the well-established thin disk technology applied to Ti:Sa amplifiers with the 
method of extraction during pumping (EDP-TD). This combination overcomes both the 
thermal effects in the final amplifier heads due to the high repetition rate of laser systems and 
the energy losses associated with TASE in thin crystals. The highest achievable possible 
aspect ratio of the amplifier crystal seems to be the major bottleneck of EDP-TD, limiting the 
highest possible extracted energy to the kJ level at few tens of Hz repetition rate. 
Nevertheless, the new method of laser architecture may open a new line of Ti:Sa CPA ultra-
high intense, high average power laser systems with a possibility to be scaled up to tens of 
Petawatts peak power and tens of Hz- repetition rate. 
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