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Laser architectures 
Thin disk 

C.R.E Baer et al, Opt. Lett. 35, 2302 (2010) 

Laser 
Output 

Output 
Coupler 

LN2 
Dewar Yb:YAG 

Crystals 

Fiber-
Coupled 

Pump 
Laser 

High 
Reflector 

Dichroic 
Mirror 

Polarizers 

Laser Schematic 

Output 
Coupler

Polarizers

Pump
Lens

Dichroic
Mirror

Fold
Mirror Q-Switch

High
Reflector

Pump
Launch

LN2
Dewar

Breadboard Laser 

(a)$ (b)$

(c)$ T. Y. Fan, MIT Lincoln Laboratory 

3	



Fiber 

Inno-Slab 

Cryogenic 

Large  
Surface / Volume 

Almost a disk 

Material 
Properties 



Architecture 

Thin Disk 
Laser 

Fiber 
Laser Innoslab Cryo- 

Rod 
Cryo- 
 CTD 

Average 
Power 

Gain 

Beam 
Quality 

Scalability 

The most attractive approach to high peak and average power scaling 
is the cryogenic CTD. But: combines several advanced technologies! 
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Any of these technologies serves a certain patronage! 

Courtesy of Luis Zapata 



Room temp. thin disk laser results: MBI 
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Layout of the two-channel development laser
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grating
com

pressor
Eout = 0.15 J
per channel

Eout ~ 0.6 J
per channel

in total
Eout > 1 Joule

@100-200 Hz

One thin-disk pump head
per  amplifier

Two thin-disk pump heads 
per power amplifier

Two-channel
grating compressor

regenerative
amplifier #2

regenerative
amplifier #1

grating
stretcher

power
amplifier #1

power
amplifier #2Yb:KGW

oscillator

collimated 
pump  beam

amplified 
output beam

input 
beam

water-cooled
prisms

cooling
finger

Yb:YAG
disk

water-cooled 
parabolic mirror

Gas-tight thin-disk pump chamber 
(based on an initial design by IFSW Stuttgart)

Operational parameters for disks of 25 mm diameter
• Pump energy:      Epump = 6 … 12 J
• Pump density: Ipump = 6 …10 kW/cm2
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• Pump pulse duration:    Tpump = 1 ms
• Gain per reflection:        G      = 15 … 30 %
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Thin disk laser results: MPQ-IOQ 
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Figure 5 Layout of the PFS CPA pump laser including key parameters. The pulses coming from the frontend (Ti:Sa oscillator)
are spectrally shifted to 1030 nm in a photonic crystal fiber (PCF) and then pre-amplified in a two-stage Yb:glass fiber amplifier.
A double pass through a grating stretcher (8 reflections on 1740 lines/mm) increases the pulse duration to 4 ns with a spectral
throughput of 4.5 nm. The spectral amplitude and phase of the stretched pulses can be shaped with an acusto-optic-modulator
(Dazzler). After reducing the repetition rate to 10 Hz the pulses are amplified in an Yb:glass regenerative amplifier to 150 µJ. In
the subsequent Yb:YAG 8-pass amplifier, the pulse energy is boosted to 220 mJ while maintaining a spectral bandwidth of 3.8 nm.
To improve the beam profile, the center part of the beam is cut out by an iris, expanded and spatially filtered leading to a beam
diameter of 4.6 mm (FWHM), see inset, at the reduced pulse energy of 90 mJ. These pulses serve as seed for the 20-pass
relay-imaging Yb:YAG amplifier. Finally, the pulses are compressed in a reflection-grating-based compressor (1740 lines/mm). (SM:
spherical mirror, EM: end mirror, DM: dichroic mirror, RM: roof mirror, FM: folding mirror, TFP: thin-film polarizer, QWP: quater-wave
plate.)

HIJ4 in Jena where this design is currently investigated as
a possible replacement for existing amplification stages of
the POLARIS laser system [24] in order to optimize beam
profile and pulse contrast.

3. Experimental results

As mentioned before, the new amplifier was designed as
an additional stage for the PFS pump chain with the aim
of generating pulse energies in the 1 J-range. In compar-
ison to the results published in [19], the existing system
was improved in terms of amplified bandwidth and beam
profile. However, to serve as seed for the 20-pass amplifier
additional spatial filtering had to be applied which leads
to a maximum seed energy of 90 mJ. Figure 5 shows the
complete layout of this CPA system including its key pa-
rameters as well as the seed beam profile and a typical seed
spectrum.

The pump source for the 20-pass amplifier is one of
the 13.5 kW laser-diode modules described in [18]. To
further optimize the pump beam profile, the module was

equipped with two micro-lens-array beam-homogenizers
[25] generating a 10 × 10 mm2 flat-top pump spot. The
final peak pump power impinging on the Yb:YAG crystal
is 11 kW.

As discussed previously in 2.1, a major design issue
is choosing the right doping concentration of Yb3+ ions
for the YAG crystal. A high doping concentration allows
for thin crystals but will enhance parasitic effects in the
transverse direction of the large pump profile.

Therefore, several Yb:YAG crystals differing in dop-
ing concentration, thickness and size were analysed ac-
cording to their amplification performance in the 20-pass
amplifier.

It turned out that parasitic effects strongly reduce the
overall gain if the doping concentration exceeds 2% at
the set pump parameters of 11 kW on 10 × 10 mm2 and
pump pulse durations ≥1000 µs. Additionally, it was shown
that a large unpumped area surrounding the pump spot is
beneficial because the ground-state absorption, caused by
the quasi-three-level nature of Yb:YAG, in this unpumped
area acts as an absorbing edge cladding. Thus, a 2%-doped
6 mm × 40 × 40 mm2 crystal was chosen for the final active-
mirror setup, depicted on the right side of the abstract.

C⃝ 2014 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.lpr-journal.org

Ch. Wandt et al, LPR 8, 875–881 (2014)  
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During amplification in Yb:YAG, gain narrowing
severely influences the amplified bandwidth. This is coun-
teracted, as explained in [19], by spectral amplitude
shaping using a programmable acousto-optic filter (Daz-
zler, FASTLITE Inc.) [26]. Therefore, further prepara-
tions were necessary to adjust the spectral shaping in
order to achieve the broadest bandwidth at the highest
energies.

A full characterization of the amplification performance
was carried out at 1 Hz and 2 Hz repetition rate. The
measured output energy in dependence of the seed en-
ergy at a heat-sink temperature of 20◦C are shown in
Fig. 6.

Figure 6 Amplification performance of the 2% 6 mm × 40 ×
40 mm2 active-mirror Yb:YAG in the 20-pass relay-imaging am-
plifier. At 1 Hz (blue) and 2 Hz (red) repetition rate a pulse energy
of 1 J was realized experimentally. The dotted lines are the result
of a simulation and reproduce the measured values very well.

1 J output energy with a pulse-to-pulse stability of
±1.5% rms was reached either with 1 Hz or 2 Hz rep-
etition rate. While a seed energy of 60 mJ is needed to
generate 1 J output energy at 1 Hz repetition rate, the seed
energy had to be increased to 70 mJ at 2 Hz since the higher
crystal temperature in this case leads to a higher reabsorp-
tion due to the quasi-three-level nature of Yb:YAG. For this
measurement the pump pulse duration was set to 1500 µs
resulting in an optical-to-optical efficiency of ≈6%.

The measured amplification curves can be reproduced
using our simulation code, as initially described in [17]. For
the present work, it was modified to consider the depletion
of the population inversion due to amplified spontaneous
emission, according to [27] via an average amplification
path length for spontaneously emitted photons. Further-
more, temperature-dependent cross-sections [10, 28] were
included to simulate the absorption and amplification in a
wavelength- and temperature-dependent manner. Both the
characteristic length and the crystal temperature were de-
termined by fitting the results of additional seed energy-
and repetition rate-dependent gain measurements with the
code, using these values as free parameters. From these
benchmarks a crystal temperature of 297 K at 1 Hz and
302 K at 2 Hz repetition rate is obtained. Under these con-
ditions, the code predicts a small signal gain for 20 passes
of 145 at 1 Hz and 107 at 2 Hz operation. Taking into ac-

count saturation, the maximum extractable energy amounts
to 1.31 J and 1.26 J, respectively.

However, as stated above, we limited the pulse energy
to 1 J for long-term operation over several days. This pre-
caution measure was set because utilizing an inferior mirror
coating in a former experiment campaign revealed damage
issues above that level.

Figure 7 shows the measured output beam profiles at
1 J pulse energy for 1 Hz and 2 Hz repetition rate.

Figure 7 Output beam profiles at 1 J pulse energy. An averaged
diameter of ≈7 mm (FWHM) is measured. In comparison to the
seed profile, cf. inset in Fig. 5, a steepening of the edges due
to saturation effects is observable leading to a more top-hat-like
beam shape. The mean fluence in both cases is 1.4 J/cm2 with a
maximum value of 2.5 J/cm2. The small sharp features are due
to the dust on the used filters in front of the camera.

The 1 J pulses were then compressed and attenuated
before the pulse duration was determined with a second-
order, single-shot FROG [29]. By analysing the correspond-
ing autocorrelation trace, the pulse duration (FWHM) was
minimized online using the Dazzler. For 1 Hz and 2 Hz
operation the same minimal pulse duration was achieved
and the shot-to-shot stability is measured to be within
±1% rms.

For the evaluation of the measured FROG-traces, FROG
3.1.2 provided by Femtosoft Technologies was used. The
results of the FROG evaluation revealing the shortest pulse
duration is shown in Fig. 8.

A good agreement between the measured and retrieved
pulse spectra was obtained (FROG error = 0.2% on a
1064 × 1064 grid), as shown in Fig. 8(a). The retrieved
spectral phase is nearly flat. Thus, the retrieved pulse dura-
tion of 740 fs (FWHM) closely matches the Fourier-limited
pulse duration of 738 fs (FWHM) extracted from the mea-
sured spectra, see Fig. 8(b).

Under consideration of the measured compressor trans-
mission (76%), the maximum compressed pulse energy is
calculated to 0.8 J and 0.78 J for 1 Hz and 2 Hz, respectively.
Thus, the pulse power (transmitted energy/pulse duration
(FWHM)) is calculated to 1.08 TW for 1 Hz and 1.05 TW
for 2 Hz. Using a more refined analysis which takes the
retrieved temporal pulse shape, cf. Fig. 8(b), into account
leads to a pulse peak power 0.96 TW for 1 Hz and 0.92 TW
for 2 Hz operation.

www.lpr-journal.org C⃝ 2014 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

> 1 J, 1-2 Hz, < 1 ps @ 11 kW pump 



POLARIS A5 - output characteristics 

Measured pump profile: 
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Far- and nearfield profile:  

A. Kessler et al., “16.6 J chirped femtosecond laser pulses from a diode-pumped Yb:CaF2 amplifier”, Optics Letters, Vol. 9, issue 6, p 1333-1336 (2014). 
M. Hornung et al., “The all-diode-pumped laser system POLARIS – an experimentalist’s tool generating ultra-high contrast pulses with high energy”, High Power 
Laser Science and Engineering, Vol. 2, e20 (2014). 

Pulse duration and spectral intensity distribution: 

•  Output energy up to 16.6 J 
•  Compression down to 149 fs 
•  f/2.5-focusing to AFWHM  

= 8.5 µm2 
•  Ultra-high temporal contrast 

(>1012) 
•  Repetition rate 1 Hz 
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Cryogenic laser amplifiers 
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Wavefront (OPD) figure of merit 

Cryogenic operation – thermal wavefront 
Properties of Undoped YAG * 
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FOM (rel. Nd:YAG) 97 187 1 

quantum-limited thermal load  χQL 9.6% 5.9% 32% 
  bandwidth                Δλ (nm) 1.0 17 0.6 

•   Modest LN2 requirements  
   (requires ~ 6 l /hr at 1 kW ) 

•  Thermo-optic material properties 
improve at low temperature 
 

T. Y. Fan et al. JSTQE (2007) 



Some cryogenic HEP-HAP results 
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Material Power / W P-Energy / J P-width / ps Rep.rate / Hz Reference 
Yb:YAG 2300 -- -- cw J.	
  K.	
  Brasseur	
  et	
  al.,	
  Proc.	
  

SPIE,	
  vol.	
  6952,	
  (2008)	
  

Yb:YAG 100  1 8.5 100 B.A.	
  Reagan,	
  CLEO	
  2014,	
  
SM1F.4.	
   

Yb: YAG 50 0.050 5.5 1,000 K-­‐H.	
  Hong,	
  OL	
  2014	
  

Yb:YLF 100 0.010 0.850 10,000 D.E.	
  Miller,	
  OL	
  2012	
  



High-energy kHz cryo-Yb:YAG amplifier chain	
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High-energy kHz cryo-Yb:YAG amplifier chain	
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14% Efficiency! 
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2-mJ, 1-kHz, 2.1-µm broadband OPCPA 

K.-H. Hong et al., Opt. Lett. 39, 3145-3148 (2014) 
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40 fs, 2.1 mJ, compressed pulses at 1 kHz with good beam profile 
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High-flux soft X-ray HHG in gas cell 

K.-H. Hong et al., Opt. Lett. 39, 3145-3148 (2014) 
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Compact inverse Compton scattering source 

Courtesy of  W. Graves, MIT 15	



Hard X-rays 

1 J, < 1ps @ 1 kHz 



Face-pumped cryogenic composite-thin-disk  

Heat 

Laser 

ü High gain 

ü  High Average power 

ü Beam quality 

ü  Efficiency 

ü Scalability 

  * Scalable Thin Disk Laser L. E. Zapata, R. J. Beach, and S. A. Payne; 
LLNL; 
Capt. S. M. Massey U. S. Air Force;  SSDLTR-2003 conference 
Albuquerque, NM 

Leading Scientist: Luis Zapata 16	





12-pass amplification architecture 

! 
In 

Out ! 

Mirror switchyard 

Vacuum telescope / spatial filter 

Angled 
kaleidoscope 

Cryogenic 
Yb:YAG CTD 

TFP 

         Features: 
•  Strict image relay 

•  Smoothing with every transit 

•  Passive polarization switching 
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      Enables: 
 

Ø  Aperture 
scaling 
 

Ø  Higher gain 
 

 

ü  Added volume 
dilutes ASE 
 

ü  ASE-limited 
aperture is larger 
 

Thickness=1mm 

egoD ~ 30 egoD ~ 3000 
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Chirped pulse amplification 
•  68 mJ pulse energy at 300 Hz 
•  Maximum intensity ~ 10 GW/cm2 
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The cryogenic CTD-laser combines advanced  technologies 

*Heat-spreader+boiling  

Higher average power only 
limited by the backplane cooler 

Fluence 2-8 J /cm2 

PUMP 

 relay imaged, smooth 
multi-pass extraction 

1.  Cryo-Yb3+:Host Laser 
 
 

2.  Off-axis 4·f telescope, 
multiplexed geometry 
 
 

3.  Diffusion bonded-”CAP” 
4.  Bright diode stacks 

 
5.  Low thermal-impedance 
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6.  High performance coolers 
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CTD-technology: Further scaling possible 

…Fabrication issues remain! 
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Summary 

•  A	
  	
  Cryogenic	
  composite	
  thin-­‐disk	
  was	
  tested	
  

ü  8	
  dB	
  per	
  bounce	
  
ü  50mJ@300	
  Hz,	
  M2	
  ~1.4	
  

•  The	
  MAGiC	
  scaling	
  approach	
  was	
  proposed	
  

•  We	
  will	
  test	
  thinner	
  gain-­‐volumes	
  and	
  implement	
  

longer	
  (CFBGs)	
  input	
  pulse	
  widths	
  

Zapata et al, submitted to Optics Letters 
US Patent submission 23	





Thank you! 
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