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PRA A

EuPRAXIA LAYOUT

Horizon 2020
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Horizon 2020

PRAI\GA EuPRAXIA Objectives

EuPRAXIA is a conceptual design study fora 5 GeV electron plasma
accelerator as a European research infrastructure. Goals:

1. Address quality. Show plasma accelerator technology is usable:
— Incorporate established acceleratortechnology for optimal quality
— Combine expertise from accelerator, laser labs, industry, international partners

— Develop new technical solutions and a few use cases

2. Show benefit in size and cost versus established RF technology:

— Proposed solutions must offer a significant benefit, e.g. fitting constrained spaces
(small labs, hospitals) and/or must be less effective.

— Cost benefits must include low operational costs (turn-key, industrial lasers at high
repetition rate, cost-effective RF components, ...): small team, remote OP, ...

Note: EuPRAXIA will initially be low wall-plug power efficiency

*  Efforts with industry and laser institutes to improve rep. rate & efficiency (incorporate all viable
laser technologies with higher efficiency)



PRA IA Addressing Quality

* 4 K
Horizon 2020

Application to FEL requires low (total) energy spread
(<1%) and low emittance (<1mm mrad)

1. Improve technical components and approaches in plasma
accelerator concepts producing already GeV class beams:
— Improved laser technology

— Feedbacks

— New and old concepts for solutionsin one stage all plasma facility

2. Start with a high quality beam from a small RF injector and
boost it to high energy:

— Startingpoint qualityis assured (start with FEL quality beam)

— Solve new issues, e.g. timing: new solutions needed

— Fully stageable = path to high energy




PRA A Project timeline

* K
Horizon 2020

09.2014 Proposal submission

07.2015 Approval

11.2015 Start of EUPRAXIA project

11.2016 First common study version of EUPRAXIA design
11.2017 Mid-term

08.2019 Applicationto ESFRI roadmap for 2020 update
10.2019 Final conceptual design report and end design study
2020+ Construction decision

> 2021 -2025 Construction
> 2025 -2035  Operation

Short time scale: EUPRAXIA Laser design based on technology with high TRL
Guideline: exploring extension of existing concepts and prototypes

fa)
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EuPRAXIA Development Paths

PRA/\GA towards high quality electron beams Horizon 2020

it ' “FEL territory 'L'(;LS S
é 1000 -=- SIS - ™ EuxFEL 1 1 km
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PRA A

Schemes under consideration (WP2)

5 GeV 60 Me! 5 Gev 150 Me s cov
(1 Gev) (1 GeV) (1 GeV)
1B "o ZP‘T%- BB—RT%?—
INFN LPGP, INO
Final Energy 150 MeV 1Gev /5 Gev
CARINO(FT ?2’?135;';‘;2]1 )| DESYEswstuna AR Pousa) R CEA (X. Li & P. Nghiem)
09x8J 0.01J 101J 28 fs Quasi - linear Bubble
30fs 38 fs 100 fs 8.4 um 15J
45 um 3.5 um 544 um CNRS-LLR (A. Beck) 1080 fs
delay 40 fs INFN (Andrea Rossi) 10.5J 55 um
6.4J 28 fs
> 10 40 pm
q_) 35 um CNRS-LPGP (G. Maynard)
047
(D energy (J) 150 Mev 20fs
duration (fs) FWHM 1GeV 16 um
— waist (Um) 5GeV CNR-INO (P.Tomassini)*
DL IL (3omega)
0.7x4-0.3x8 J 0.02J
E—Ta— S 5, 2515 20fs
4B LNF 27 um 4.2 um

nothing proposed for the 4B

delay 47 - 49 fs; *N2-Ar

CNR-INO (P.Tomassini)

DESY (E.Svystun & A.F. Pousa)

CEA (X. Li & P. Nghiem)

DL IL (3rd Harm.)
> 2.2x8 J 0.02J 456 Quasi - linear Bubble
G.) 50 fs 60 fs 70fs 53J 15d
60 um 3.5um 50 um 130 fs 108 fs
(D delay 102 fs INFN (Andrea rossi) 55 um 48 um
256J
m 110fs
70 um

*
*
*

* 4 %

*
* 4 K

Horizon 2020

Large BW (=30 fs) required for injector/1GeV stage. May be relaxed (=50 fs) for 5GeV stage.

Not compatible with many available direct CPA schemes (Nd, Yb).
MULTI-PULSE drivers attracting increasing attention.
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PRA {IA KEY FEATURES OF EUPRAXIA LASER

Short pulse PW-kW laser technology (CPA, diode pumping);

High repetition rate to allow user operation while enabling
active stabilization via feedback loops;

e Minimum 20 Hz, but exploring 100 Hz option
Average power ranging from 1kW to 10 kW,

Extraordinary performances of beam transport, focusing,
diagnostics with the reliability of an industrial system.

Pump lasers, TiSa crystal management and compressor
gratings at 100 Hz need funding and demonstrators prior to
final TDR — collaboration ready to start.



PRAI\GA EuPRAXIA LASER: A STEP FORWARD

* 5k
Horizon 2020

A PW-class system, with demanding high average power
(>1 kW, ideally 10 kW)

\ E
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The EuPRAXIA PW-kW laser is, by all means, a unique system.

Programmes worldwide (e.g. kBELLA, LBNL, US) are exploring similar concepts.
EU can build on current leadership in PW laser technology to keep the pace.



PRA A LASER: STRATEGY 1/2

* 5 K
Horizon 2020

EuPRAXIA requires up to tens of kW average laser power with PW peak
power and up to 100 Hz repetition rate;

Consensus reached in the EuPRAXIA laser community is that Ti:Sa
technology pumped by diode-pumped solid state (DPSSL) lasers provides a
relatively safe ground, with major European industrial endeavour in place;

Recent developments match our requirements, with DPSSL prototypes
pump lasers offering kW performances with potential scalability to 10s of
kW at the required wavelength of 0.5 um;

At the same time, other technologies are developing aiming at higher rep.
rates, higher average power levels and even more efficient configurations.

14



PRA A LASER: STRATEGY 2/2

Fiber laser technology offers the best WPE >50% in CW mode and coherent
combinationis being developed (FSU Jena-Fraunhofer IOF and Ecole
Polytechnique-Thalesin France). Suited if EUPRAXIA evolves towards lower
energy per pulse >10 kHz;

* 5 K
Horizon 2020

Direct Chirped Pulse Amplification with lasing media pumped directly by
diodesis ideal for higher efficiency and higher rep-rate (see also M4.2
milestone report of April 2017)

Direct CPA concepts explored in benchmarking phase and bottlenecks
emerged concerning the minimum achievable pulse duration and scaling;

More recently, motivated by kBELLA project (LBNL, US) and also by
EuPRAXIA, new concepts are emerging in this scenario (LLNL), now entering
design and prototypingfor intermediate average power levels;

Consideration is given to such schemes in view of significant ongoing
developmentsfor possible complementary combinations.

15



Horizon 2020

PRA A EuPRAXIA LASER (Ti:Sa)

FRONTEND

MASTER
Oscillator

FRONTEND

FRONTEND

AMP1
9(13)J, 0.8 um

AMP2

PROPAGATION 19(37)J, 0.8 um

AMP3
62 (126) J, 0.8 um

COMPRESSION PROPAGATION

PROPAGATION

COMPRESSION

Photocathode and diagnostics
105J /197 J, 0.5um

COMPRESSION

5(7)J, 30(20)fs, 20(100)Hz 15(30)J, 30(20)fs, 20(100)Hz 50(100)J, 60(50)fs, 20(100)Hz

Lo oo -1

LASER1 LASER2 LASER3




PRA A

Summary Tables

* * %
N .
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*
* 4 *

Horizon 2020

LASER 1 - Injector 150 MeV

LASER 2 - Injector 1 GeV

Parameter Label PO P1
Wavelength (nm) A1 (nm) 800 800
Maximum energy on target (J) Etarget 5 7
Maximum output energy (J) Eout 8.8 12.5
Energy tuning resolution (% of targeted value) dE 7 5
Total output energy (incl. Diagnostic beams) Etor 7 10 |
Pulse length (FWHM) (fs) T 30 20
Repetition rate (Hz) fi 20 100
Requirement on energy stability (RMS) % O<t> 1 0.6

Parameter Label PO P1
Wavelength (nm) A2 (nm) 800 800
Maximum energy on target (J) Eiarget 15 30
Maximum output energy (J) Eout 18.8 375
Energy tuning resolution (% of targeted value) dE 7 5
Shortest pulse length (FWHM) (fs) 1) 30 20
Repetition rate (Hz) fa 20 100
Requirement on energy stability (RMS) % O<e> 1 0.6

LASER 3 - Driver 5 GeV

Parameter Label PO P1
Wavelength (nm) A2 (nm) 800 800
Maximum energy on target (J) * Etarget 50 100
Maximum output energy (J) Eout 62.5 125

Energy tuning resolution (% of targeted value) dE 7 5

Shortest pulse length (FWHM) (fs)

1) 60 50
Repetition rate (Hz) f, 20 100
Requirement on energy stability (RMS) % O<e> 1 0.6

17




PRA A FRONT-END

Each laser beamline required independent spectral amplitude/phase control that is carried
out in the front-end: EUPRAXIA required three independent front-end sections seeded by the
same laser oscillator independently as per the requirements of the seeding of each of the
three amplification chains

Horizon 2020

*Overall synchronization: single master oscillator,

. T broadband
LASER1 _ _
* Independent adjustment of spectral amplitude

for each amplification chain: separate front —ends,

MASTER Front-end with the same architecture
Oscillator LASER2
* Pulse energy 1.0-1.5J
Front-end
LASER3

Each of these front-end will deliver stretched pulses with ~1J energy to
the subsequent amplification stages

* Stretched pulse duration ~ 500 ps

* Main requirement: high pre-pulse contrast



- praia Main Front-end components

Horizon 2020

State of the art components to ensure pulse energy for the main amplifiers with large
bandwidth (short pulse duration), control of spectral phase, high contrast ...

Stretcher + AOPDF il ol ~1001J-1mJ, 100Hz
+ pulse selector

\ 10-15mJ pum st .
o REIGR I"CPA

XPW pulse cleaner B
~100uJ, 100Hz
Stretcher + AOPDF Regen amplifier + AOPGF Multipass amplifier Cryo-cooled multipass amplifier

N 2 cpA 10mJ pump 100mJ pump ~4-5]) pump

=1J, 100Hz
=55nm FWHM, stretched to a several 100ps

Starting from existing industrial systems at 100 Hz



PRA,IA  INDUSTRIAL SUBSYSTEMS: an example

Horizon 2020

300 mJ, 100 Hz, 25 fs



PRA A Amplifiers strategy

Design guidelines
- Modularity: possibility to use the same amplification stages in the different laser chains
- Scalability: possibility to upgrade from PO to P1 performance level, “simply” by
increasing pump energy and rep rate (conservative design at PO)
- High extraction efficiency (esp. at P1) to reduce pump energy requirements
- Thermal management issues

* 5 K
Horizon 2020

Methodology
- Evaluation of the amplification parameters (energy, spectrum, beam size, stability,
parasiticlasing) with numerical simulations (MIRO - CEA);
-Validation of modelling with existing systems up to multi-J level;
- Preliminary thermomechanical evaluation by means of FEA simulations (LAS-CAD);

Results
- Main parameters for each stage: pump energy, extracted energy, beam size, spectral
shift, parasiticgain
- Energy stability vs pump and seed energy fluctuations
- Evaluation of thermal aberrations
- Coolingstrategies: liquid flow cooling
- ASE/PL mitigation strategies: Extractionduring pumping



s = g = s = g = s = g = s = g = g

See also: A viable laser driver for a user plasma accelerator
L.A.Gizzi, P. Koester, L. Labate, F. Mathieu, Z. Mazzotta, G. Toci, M. Vannini
NIM (EAAC2017 proc.),2018, in press

https://arxiv.org/abs/1802.05546




Horizon 2020

PRAIA  Beams and amplifier stages

Amplifiers’ performances modelled to size componentsand confirm basicestimates

LPI 150 MeV
AMP1 To the
E..:8.8J(P0)/12.5J(P1) compressor
Pulse duration
30fs(P0)/20fs(P1)
LPI 1GeV

AMP1 AMP2 To the
E..:8.8J(P0)/12.5J(P1) E..: 18.8J(P0)/37.5J(P1) compressor
Pulse duration Pulse duration

30 fs(PO)/20fs(P1) 30fs(P0)/20fs(P1)

from
front-end

LPA 5GeV

AMP1
E...8.8J(P0)/12.5J(P1) E.. 18.8J(P0)/37.5J(P1) Eout 62.5J(P0)/125J(P1) To the

Pulse duration Pulse duration Pulse duration compressor
60fs(P0)/50fs(P1) 60 fs(PO)S50fs(P1) 60fs(P0)/50fs(P1)




PrA A Power amplifiers: needed <P>

Horizon 2020

Power amplifiers require high average power pump lasers

Target Design | 0.5um | Extr.

E(J) Pulse E | Eff. (%)
(J)

7,0 8,8 20 1,5

LASER1 8,9 19,2 39 0,4 0,2 274 0,5
(AMP1) PO

LASER1 100 12,5 100 1,5 12,7 25,7 44 2,6 1,3 36,7 3,7
(AMP1) P1

LASER2 150 18,8 20 6,3 19,1 372 35 0,7 0,4 53,1 1,1
(AMP2) PO

LASER2 30,0 375 100 88 37,5 652 44 6,5 3,3 93,1 9,3
(AMP2) P1

LASER3 50,0 62,5 20 18,8 62,4 1050 42 2,1 1,1 150,0 3,0
(AMP3) PO

LASER3 100,0 1250 100 37,5 1260 197,0 45 19,7 9,9 281,4 28,1

(AMP3) P1
Total fundamental wavelength average power estimates ranges from 5 kW (20 Kz) to 40 kW (100 Hz)



PRA/‘OA INDUSTRIAL SUBSYSTEMS: PUMP LASERS

Disk amplifiers heads

Deformable
mirror

IR output CCDs
diagnosis

P40 flashlamps pumped version

Image relays

tubes 2l

Amplitude

crystal ~ Shutter green Green beam

L

[ 5 ]
1
T

~—

|

l

A

‘T Shutter IR
IR
|

{

IR beam Table
1.5x4.8m

z.

Isolators [ ront-end CCDs

diagnosis

-

Seed Laser

Jm-tk;.ng.butultha"u_‘lt/ 6\

Horizon 2020

Industrial unit (P60): conversionto diode pumpingfully designed

Flashlamp pumped Nd:YAG/
DPSSL possible
80 J output energy demonstrated
@ 10 Hz, 1064 nm
60 J SHG energy @ 532 nm :
design target (40 J demonstrated)

* Cost of diode still an
issue — currently 5x total
(including operational)
costs compared to
flashlamps.

* Expected to decreasein
5-10 yrs.

* Maintenance free
operation for 25-30 yrs.



PRA A DiPOLE 100

S 120 mm square

* 6 X Yb:YAG slabs

! : le - % 8.5 mm thick Qo‘
* 4-pass relay-imaging 7 % Qs\o
design : % 5 '\
« NF, FF diagnostics el ‘
On eaCh paSS Konoshima Chemical Co.,Ltd.

100J output AO
Wave front control mirror
Pointing stabilised He flow
| QQQ [~ | Amplified
1030nm
< W~ A
02 10 ns = : ] pamp.
il B
0 1 4
5 0 Times(m) 10 15 ‘,—,:—’ ... \\1 0 0 6
Diode pumps Amplifier | — U\ 0.4 at.%
(2 x 280 kW) Head v
10bar, 150K

Science & Technology Facilities Council

LDIP@LE].OOJ J ‘ Central Laser Facility




PRA (IA

SCENARIO FOR BASELINE (MANDATORY)

Pulse rate (Hz) 20 (100) | 20(100) (| 20 ()00)
G
Energy (J) 19 (26) 37 (65) 105 (RO
Power (kW) 0.4 (2.6) | 0.7 (6.5) 1 (
Conversion 70% 70% 70%
D Dol 1610 1610
Energy (J) 27 (37) 53 (93) 150 §280)
Power (kW) 0.5 (3.7) 1.1 (9.3) .0 (28)
Extraction 25% 25% 25%
Diode 940 940 940
Power (kW) 2.0 (15) 4.4 (37) 12 (112)

PRA A

'DiPCLE |

Building blocks
exist (or available
In near future) for
Baseline
performance

P. Mason, M. Divoky, K. Ertel, J. Pilar,

T. Butcher, M. Hanus, S. Banerjee,

J. Phillips, J. Smith, M. D. Vido, A. Lucianetti,
C. Hernandez-Gomez, C. Edwards, T. Mocek,
J. Collier, Kilowatt average power 100j-level
diode pumped solid state laser, Optica 4 (4)
(2017) 438-439

Sc e & Technology Facilities Co!

Central Laser FaC|l|ty



PRA (A  EXISTING off-the-shelf Technology

« L3 Baseline: 105 J @ 515 nm, 20 Hz
— Interleave 4 x DIPOLE100 @ 10 Hz

e 140 J @ 515 nm, 20 Hz

[DiP@LElOO}m—I—) m IEE DiPCOLE100
[DiP@LElOO]m—I—)E(_I—m

PRA/\dA ==/ Central Laser FaC|l|ty

10 Hz

DiPZLE100




PRA (IA PLANNED TECHNOLOGY

* 5 *
Horizon 2020

- L3 Baseline: 105J @ 515 nm, 20 Hz
— DIPOLE150 @ 10 Hz (4.1 KW thermal load)
— 2 x DIPOLE75 @ 20 Hz

. 105 J @ 515 nm, 20 Hz

53 J M 53 J _
DiIPCLE7S E— &l <& DiPCLE7S)
20 Hz R M < 20 Hz

PRA/\GA & Central Laser FaC|l|ty



PRA, A  MODERATE R&D INVESTMENTS

* 5 *
Horizon 2020

- L3 Baseline: 105 J @ 515 nm, 20 Hz

— Operate @ higher fluence = reduce aperture

— Higher gain = fewer amplifier stages

— Relax beam quality = higher thermal load (P, ,, PRF)
— 2 x compact-DIPOLE100 @ 20 Hz (5 5 kW load)

_ 70 J 70 J
cDIPZLE100 E:E—> < cDiPCLE100)

20 Hz

20 Hz

> <€
or 1 x DIPOLE150 @ 20 Hz (8 kW load)

1056 J M
DIiPCLELS0 E—

20 Hz R WA/ &

ccccccccccccccccccccccccccccccccccc

Central Laser FaC|l|ty



PRA A 100 Hz pump laser

* 4 x
Horizon 2020

FBH brilliant high duty cycle pump: small-series prototype

Novel Novel passive » Custom beam Brilliant, high duty
chip, carrier Side cooler o forming cycle fibered module
colllr;ralig;:a‘vr--s 3D overview

Honzontal
focusing lens

FACs / .
: Coop Trumpf
1.9 mm 6 kW
NA0.22
130W from 1.2mm 1...20% DC 6 KW 60% efficiency 1.4 MW/cm?2-sr
Peak: ~ 245 W 1...100ms M2 ~ 300 x 300 90% efficiency
60% efficiency Passive cooling M2 ~ 700
2x brighter than bars
Ferdinand
) 6 units delivered to Max Born Institut, Berlin; 2 in build @F&?ﬂ'




PRA A

Thermal management

* * %

Horizon 2020

Transmission vs. “active mirror” configurationis currently being
evaluated to account for thermal management

Transmission geometry

" Inputbeam

-

s Steering mirror
-

) .

. X - Ti:Sapphire \
umpbeam Sy o crystals " -
1 - |
Steering mirror ' .
~ Ouputbeam
Nl Ll N, ™
2 |
Pump recycling \

Steering mirror Pump
recycling mirror

mirror Steering mirror

Pro: More efficient (double-side) cooling and
reduced complexity;

Con: propagation through flowing cooling
liquid

Inputbeam

beam

Ti:Sapphire
crystal 1

Reflective coating /

(cooled side)

Ouput beam

“Active mirror” geometry

Multipass mirrors

SNIps TR TET

'SR’

Ti:Sapphire crystals

Pro: Well established concept with no propagation through cooling fluid
Con: limited cooling (single face), to be modelled

70 4

Energy (J)
w S G )
o o o o

N
o
L

10

Gain comparison (AMP3)

¢ Reflection scheme L
e
® Transmission scheme *
m ¢
.
*
?
.
.
n
.
[ ]
.
T T T T T 1
1 2 3 4 5 6
Pass #

*) Water cooled Ti:Sa amplifier (“Active Mirror” configuration) under development at ELI-HU (After V. Cvhykov et al., Opt. Lett, 41, 3017, 2016)
**) Fluid (D,0) cooled Nd:YAG laser, 20 kW CW pump power, D,O (After X. Fuet al., Opt. Express, 22, 18421 (2014)
**%*) Fluid (Siloxane ) cooled Nd:YLF laser, 5 kW CW pump power (AfterZ.Ye et al., Opt. Express, 24, 1758 (2016)



PRA A Thermal modelling

Horizon 2020

Transmission vs. “active mirror” configurationis currently being
evaluated to account for thermal management

Water cooling

X I
Ti:Sa crystal I
Length L I Ti:Sa crystal Ti:Sa crystal
lengthl’ 5 length '
3.00E404 - ! —texp( L")
B ' L, H ‘ 2
2 2.50E+04 1 o —)
£ I 2 L exp( 2 1)
< 2.00E+04
€ 1 iexp( 4 L") &exp( 3L
2 2
£ 1.50E+04 | iexp( o) P
: G 4
£ 1.00E+04 - 1
s |
I

iexp( 2L
2 U_J U_J
E—
P i

e
E
= 5.00E+03 -
©

i I 2 exp( 3 L) %eXp( 4L
= . .
0.00E400 ‘ Total entering power Total entering power: Total entering power Total entering power
0 1 2 3 4 5 6 7 _F. _FB. P P
Flowspeed (m/sec) R==r(l+exp( 1) P==lrexp( D) p = (leexp( 2 1) B=(lvexp( 2 L)ep( L)

Both cooling schemes are capable of reducing
the transverse temperature gradients to
manageable values.




PRA (IA

DIRECT CPA

Horizon 2020

Direct CPA (required for >100Hz) - energy efficient.

Output
W Slab Heating
B Fuorescence
Transport

B Unconverted Light |

B Pump Light Loss

B Pump Heat
Electronics Heat

B Refridgeration

———— — Efficiency

lndlrect CPA Lamp pumped SSL pumpedTl S WP EO

] _ m

0.4% 0.6%

12.6% 3.8%

Indirect CPA: DPSSL-pumped Ti:S- .][

21% 30.1%

iy

1

Direct CPA: BAT 1
Waste Heat

-2.5 -2.0

: \
-1.5 -1.0 -0.5 0.0 10kw output

Power [MW per 10-kW of short pulsed output]

C. Siders et al., EAAC 2017



PRA A

DIRECT CPA with Tm:YLF

* * %

Horizon 2020

Tm:YLF: Big-Aperture-Thulium Laser (BAT*)

| ]

| . |
: Injector Lasersystem designed :
I to deliver 7J/30fs/230TW
: ~10fsTiSa |. | Facility Timing 532’,‘.:,03§SZSL at 100Hz: average :
: Oscillator System Pumps power of this system = :
1 ! ! 700W I
i . 1
i 1 kHz Ti:Sa R Pulse Cleaner, | 1kHzTi:Sa . 100Hz Ti:Sa R 7] / 20fs / R 150MeV 1
1 Regen/MPA » Stretcher, & » Re en/MPA > SPARTA > 100Hz > Iniector 1
1 8 Pulse Shaping 8 Amplifier Compressor ) |
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PRA (IA TRANSPORT TO TARGET

* 4 x
Horizon 2020

Main challenges: large optics, mechanical stability, cooling of
gratings, beam quality control ...
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PRA A Open issues

*
Horizon 2020

EuPRAXIA laser relies on industrial development in:

Pumping technology: diode (direct or indirect) pumping; ‘ff“ ;

Gain media: material should be industrially available at
laser quality, scalable in size and capable of supporting
large bandwidth and efficient cooling;

Grating technology to improve for higher damage
threshold and smaller beam size

Optics Damage threshold
Thermal load, management, dissipation
Vacuum technology

Mechanical stabilization (active and passive);

Major R&D and technology transfer to embed in final systems



Horizon 2020

PRA A LABs AND INDUSTRY

A wide collaborationisreadyto be involved to tackle openissues
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PRA A SUMMARY

* 5k
Horizon 2020

*EuPRAXIA aiming at high quality plasma acceleration;
*PW-kW laser system driver, beyond current state-of-the-art ;

*Design phase ongoing: preliminary Ti:Sa design with existing
pump-lasers (P60 with DPSSL, DiPOLE ... );

*Also considering evolution towards higher repetition rate with
more efficient (direct CPA) and more scalable architectures (e.g.
Tm:YLF).

*Significant development/demonstrators needed to solve standing
issues in pumps, thermal management of Ti:Sa, compressor
gratings, beam pointing.
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