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vle of photonic electron acceleration ™

start end

Electron bunch sits at peak of optical electro-magnetic field and
|s accelerated during propagation of phase through pulse envelope

fiber fiber fiber fiber
oscillator ampliﬁer ampliﬁer amplifier
Inverse 4_@} 'EO > ——
Free Electron < gﬁj (O ) output

Laser Seed / 100 - 1000 photonic crystal accelerator sections

Ref. Benj amin Cowan -working group #7, Friday
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Outline

* Fiber lasers as high power sources of
photons

 Fiber based accelerator structures
 Phase stable fiber lasers

* Short wavelength sources without
accelerators

e (Conclusions
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Basic Capabilities of Fiber Lasers

10° -
104 -
103
102 g
10% A
100 -
1014
10724
10-3.
1044
10

O
ultrafast

power (W)

1985 1990 1995 2000 2005 2010

Since 1985 power level from SM fiber  *Currently 3 kW is record for diffraction-limited

lasers went up 7 orders of magnitude, power
*100 kW expected in 2010
1 MW expected in 2015

j -
. ""f""’"';"ﬂ"'l. .’ |

_ e S s D D T D R S

Lk e




IMRA

i Commercial Fiber Lasers Spectral Range
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Efficient Fiber Laser Systems

*H,
3F5/2 4111/2 —E
Ly ™, - :
4
3F7/2 X 4115/2 . 4 3H6
Yb3* Er3+ Tm3*
Emission: 1040 nm Emission: 1530 nm Emission: 2000 nm
Efficiency: 95% Efficiency: 60% Efficiency: 70%
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Pumping of fiber lasers

Single-mode
output Single-mode Laser diode
¥ array

Double clad
fiber Low-brightness
multimode pump
beam
ref.: H. Po et al., OFC, paper PD7 (1989)
P —Bd?’NA? withB_ =10 MW/cm?
pump
— : b 1.1
Poump = 5 - 8 kW into 600 pm diameter fiber!
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Industrial fiber lasers

10 ulJ, 700 fs fiber laser,

Peak power = 15 MW
P.=1W

(IMRA) ¥

4 kW average power
fiber laser (IPG)
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Dielectric breakdown 1n silica

Pulsed:
optical damage fluence: F = 300 J/cm? x (t/1 ns)!/?

2F
E = Z, =1.9 GV/m for 100 ps pulses

damage
A / E ; T

= 3.3 GV/m for 10 ps pulses

— 1/4
Edamage EO/ T

> Accelerating gradients up to 1.6 GeV/m may be available
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DC breakdown

Optical DC-facet breakdown = 2 GW/cm?, not much
Increase of damage fluence for Tt > 150 ns

For 1 um core diameter fiber, a dc power of 20 W may lead to
DC breakdown,

For state of the art 30 um core fiber, DC breakdown = 20 kW

To maximize DC breakdown, operation
at 2 um preferred,
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imize DC breakdown by use
of large-core fibers

beam profile
4

Up to 60 micron Standard 6
. core micron core
Limpert et al., 2006:

60 um crystal fiberrod  Fermann et al., 1997 v
US patent# 5 818 630
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kW, DC limit for fiber lasers,
how can we get to 1 MW?
Answer: fiber phased arrays

1:1 relay ﬂ

BS

To far-field
Rmm
™
5 l

Optical
Oscillator

Coherent combination of up to 1000 separate kW level fiber lasers
Ref. S. J. Augst et al., Opt. Lett., vol. 28, pp. 331 (2003)

So far up to 40 ‘cold’ fibers have been coherently combined, with phase stab111ty <1 rad/30
questlonable whether economical approach v .
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High peak power fiber amplifiers
chirped pulse amplification

* generation of ultimate peak power
* bulk grating compressor to avoid damage in power amp

YD Fiber
power-amplifier

pre-amplifier
All-fiber ﬂg 2 g 2 Down- Q

oscillator .
fiber counter

stretcher

Bulk grating
compressor

Fiber

Can: 100 uJ, 400 fs pulses at 1 MHz rep. rate with
generate: 100 W average power;
kW systems in progress;
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Pulse energy limitations for
_Tiber CPA systems

black: bulk damage =
red: fwm limitation
0.8 blue: SPM limitation
)
£
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0.2 1000 um?2
mode size
0.0 A

0 1
stretched pulse length (ns)

1 mJ pulse energy, 500 fs pulse width
reachable with 1 ns stretched pulse length

Maximum peak power from fiber chirped pulse amplifier:
10 GW

Coherent combination not practical yet Ise %F
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Signal

SHG BB
short pulse H
Yb | fiber laser
10 W, 1 MHz, .
10 pd, 700 fs N
@ 1030 nm N/
~1 nJ into PCF
Generated continuum in 80 cm PCF
Potentially achievable
£. 10 fs pulse width
= 500 ulJ pulse energy
gg_ 10 — 100 W average power
Limpert et al., _ 50 GW peak power
CLEO 2006 600 700 800 900 1000

Wavelength [nm]




Summary of high peak power fiber laser

e CPA lmit: 1-10 GW for 500 {s pulses
optical efficiency > 90%

 PCPA limit: 10 — 50 GW for 10 fs pulses
optical efficiency> 20%

* TW systems will require further
amplification in bulk solid-state amplifiers
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Photonic Crystal-Accelerator Structures

Photonic Crystal Fibers

Ref.: P.St. Russell et al., Science, vol. 299, 358 (2003)
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vle of photonic electron acceleration ™

start end

Electron bunch sits at peak of optical electro-magnetic field and
|s accelerated during propagation of phase through pulse envelope

fiber fiber fiber fiber
oscillator ampliﬁer ampliﬁer amplifier
Inverse 4_@} 'EO > ——
Free Electron < gﬁj (O ) output

Laser Seed / 100 - 1000 photonic crystal accelerator sections

Ref. Benj amin Cowan -working group #7
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iber based accelerator structures
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defect size = pump wavelength

accelerating fiber TM modes

e with longitudinal E-ficld&
S phase Ve]ocity =C
’ E © accelerating field limited by
= | optical damage, 1.e. 1 -2 GeV/m
5 ;A

Ref.: X. E. Lin, Phys. Rev. Special Topics-
Accelerators and Beams, Vol. 4, 051301 (2001)
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Absorption by surface

hydroxyl
/

Ti:Sapphire .

Nd3*-YAG

bulk loss of silica \\\_./J
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LA 400 500 X1{0) 800 1000 1260 1580 2000
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o C.D o CRYSTAL FIBRE Wavelength* [nm] Note: * Axis logarithmically scaled
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Photonic crystal accelerator structures

Various problems:

egeneration of ultra-short electron bunches

radiation damage to optical fiber

esimultaneous coupling of e-beam & optical beam

«coupling of optical beam into TM modes of photonic crystal fiber
sremote phase-control of photonic accelerator sections

*absolute phase stability of optical beam
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Coupling of TM modes into PBG fiber

Time-Averaged Intensity of Single Beam

beam center
A2 step

[
l- A—

simplier than spiral wave
plate. Only need 1
interferometer to make
donut mode

Ref. Patrick Lu
Stanford

Eianfunl I[miversity

I|5me—Averaqed Intensity of Combined Beams
Combined;
10cm propagation

-1.5

] 00 B

15
-1.5 -1 -0.5 a 0.5 1 15
mm

Time-Averaged Intensity of Combined Beams
-15

Combined;
25cm propagation
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emote transfer of high-stability |
ultra-low jitter timing signal

fiber link

Remote phase of fiber link
s can be controlled precisely
reflector using homodyne detection

«

S Phaso ...
etector

Ref. K. Holman et al., Opt. Lett., vol. 30, 1225 (2005)
J. Yeetal., J. Opt. Soc. Am. B, vol. 20, 1459 (2003)

- (o
p — e -t 8 7
' _ s EmvmsasosasaseReicas o {1 )

modelocked
fiber laser




IMRA

wWww.imra.com

Fiber lasers with absolute phase stability

Frequency combs

Time Domain

Frequency Domain
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E. V. Baklanov (1977), T. Hansch (1978),
V. P. Chebotaev (1988), Th. Udem, PRL 82, 3568 (1999). .4

E e RN




IMRA

wWww.imra.com

Self Referencing Comb

fo = 1/T; : Pulse repetition rate
f¢ =1/T $ Field repetition rate
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Intensity

N . . . > ISHG

: 50 V 150 200 250 :%D
Optical ruler: disloie Al
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Optically Integrated, all Gulded Wave
Frequency Comb Laser

echnology

Oscillator Amplifier
LINbO3 Waveguide
===
SA EDF —\ EDF \
Pum Pump
Diode Diode
A
Phase Lockin feeo
""""""""" Electronics I G |:| /
Ref. I. Hartl et al., *170 MHz spaced, self-referenced fiber frequency comb’, 1
CLEO 2006 :
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Ref:: L. Hartl et al., CLEO, (2006), PDL Wi:{e!en!g:[.h (um)
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science and technology

Phase stability of ﬁbef lasérs”!

frep= 175 MHz .
"‘"’  Phase noise governed by phase locks
7P BP « No measured excess phase noise
II_.G * [mplies timina iitter between combs of ~1fs
i B 2 '0 —
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Low fluence soft-X-ray source

without accelerators;
High harmonic generation in enhancement cavity

I —10 mW
Enhancement
Phase-controlled Cavity with <10 — IQO nm
100 W fiber CPA Xe gas jet <1 keV

*Enhancement = 1/(1 —L_,,); 3000 times enhancement possible
> 10 GW peak power 1nside cavity

*High power EUV generation via ultra-high power fiber laser
*keV emission will require new physics

- = PE ¥ E
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Conclusions

« Fiber lasers can potentially reach peak power levels of tens
of GW at kW average power, solutions for TW lasers at kW
average power still elusive

« Phase stable MW-peak power fiber lasers can be
constructed; cavity enhancement can produce > 10 GW;

* Phase stability can be transferred along extended fiber
length

« Most components for single-section photonic crystal
electron accelerating structure exist

e Multi-section PBG structures and high average power
operation remain very challenging
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