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Il Charge to the workshop W] S

% Evaluate alternatives to canonical light sources that are
becoming increasingly costly

% Examine the state of the technology for compact light
sources (CLS) & expected progress in emerging
technologies

* ldentify advantages & disadvantages of CLS relative to
third generation storage rings and FELSs

Evaluate Compact Light Source
Cost effectiveness, User access & availability, Reliability

* We did not try to rank or directly compare approaches
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Ill-- What do we mean by a ‘

| compact light source? SV

% Size: “University-scale” < few hundred m?
% Capital cost: < few tens of M$
% Operating cost: few M$/year

% Possibly modular or easily expanded

Advances In accelerator, laser, & nanotechnology
offer opportunities to build high performance X-ray sources
of the scale of a university laboratory
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W1 Overarching conclusions Wl U

% Compact light sources are not a substitute for large, synchrotrons &
FELs that typically incorporate extensive user support facilities

% Scientific & technological vitality of X-ray science depends on access

% Compact light sources offer attractive, complementary capabilities
= Small fraction of the cost & size of large national user facilities
= Rapid turn around for high risk research, often unexpected breakthroughs
= Rapid advance in source technologies
= Impact on broad range of science & technology, even medicine
= Personnel (i.e. students, scientists) with versatile capabilities
= Potential for technological and commercial application
— Take source to application

% On a 10 year plus timescale, they offer the potential for a new
paradigm national user facility
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* *

potential of both compact & large sources «1i|V-

* IR laser systems delivering kW-class average power with
femtosecond pulses at kHz repetition rates.

= Application to ICS sources, plasma sources, & HHG sources, &
seeding sources for conventional FELS

II Iil- R&D that would enhance performance <L

% Laser cavities for storage of 10 mJ, ps & fs pulses focused
to um beam sizes

* High-brightness, high-repetition-rate electron sources

% CW superconducting rf-linacs operating at 4 K, while not
essential, would reduce capital and operating costs

These items could be developed on a 5 year time scale
assuming adequate funding
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Il Ii |- With ICS X-ray flux ~ laser pulse energy  +

% Collision between a relativistic electron & a photon

Laser photons

Electrons

T T T T8l A AN T E,

* In normal Compton scattering the E, > E,
% Inverse process has the Thomson cross-section when 7w <y

% Scattered photon satisfies the undulator equation with period A, /2 for
head-on collisions 5 5
1+y°6

4y°
% ==> X-ray energy decreases by a factor of 2 at an angle of 1/y

A=A,

X

% Photon energy reach into hard gamma rays

Challenge is matching laser & e-beam pulses in time & space
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III.- Present & near term planned performance* W

*
CW machines mﬂ
JLAB 7-50 1078 10712 1079
100-3k
KEK 0.1-50 10716 CcW 1073 5 163
Lyncean 7-70 10712 Cw 1071 100 65
MIT 0.8 - 50 10715 10719 10712 0.3 100
(proposed)
THOMX 50-90 1071 CcW 1071 20 25

Coherent Compton scattering would increase brightness several orders of magnitude
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«m= Present & near term planned performance:+ '«
i

) ) . *' L N AR
Timing mode pulsed machines ~JD.
*
BNL 1-30 108 4 10
LBNL-LPA 10-10k 1022 104 .003 10
LLNL 600 1016 106 1 10
(planned) 400-5k 102t >>100
MIT 0.8-50 1023 108 0.5 10
(proposed)
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High-Harmonic Generation (HHG) in gases

laser
field

X-ray
Beam

Coherent
addition
of x-rayfields

electron



|||i|- HHG driven by femtosecond lasers ! §

% Low cost, stand-alone, table-top-scale, tunable EUV/XUV
source

= Full spatial and temporal coherence & ultrafast pulse duration

laser

field Semi-classical picture:

- 1. Atom is tunnel ionized by the
" laser’s intense EM field

Emitted electron accelerates in
the laser field, gaining energy
Coherent 3

W addition . Electron energy is released as
W abot s harmonics of the fundamental
o laser when electron recombines
with the ion

(
J

-

E

electron

Phase match the HHG process by equalizing laser and x-ray phase velocities
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Il I| ] Characteristics of HHG sources *
** * :}}(*

% Laser pulse energy required for HHG is < 5mJ

—> Repetition rate can scale to 100’s of kHz or higher
% Efficiency from laser to harmonics ~ 10-" — 10

= ~ uJ /harmonic/ pulse)
% Ultrafast (fs to as)
% High rep rate, pump-probe and coincidence imaging
% Broad band: from VUV to SXR

Wavelength
1 um 100 nm 10 Nnm 1 nm 0.1 nm = 1A
1 : I : 1 I : | :l
IR - vuv s “Sot x-rays -
UVE Extreme Ultraviolet i Hard X-rays
i Se G G fe O
1 leV l 10I eV 1OIO eV 1 ll(eVl 101keV
Photon energy
Current bright region of HHG (1 kHz, 10 - 5 nm) }-
Future bright region of HHG (50 kHz, 10 - 1 nm) - Plasma cavitation HH@}
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II I" High average power EUV/Soft X-ray facilities *j\,ﬁ"rﬁ**

Status and outlook

Present status Ti:sapphire based pump lasers
~UW average power

2 year goal Sub-100 W average power Yb/OPA systems at
1.5 umand 3 um
> 400 W 1um Yb-doped femtosecond lasers
Recirculating cavities for HHG up to 100 eV

5 year goal Sub-MS, 0.1-1 mW coherent soft x-ray sources
Fully coherent hard x-rays

Investments required

Initial R&D (2 yr) S2M - S4M (equipment plus labor)
| Facility construction Existing labs
Staffing levels required 1FTE
Annual operations cost $0.5M
User access 2 teams at one time, access every other week
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I| I' s High peak power XUV facility: g ol
I repetition rated PW laser HHG source *\W ! Vs
100 J Focusing optics Harmonics converter XUV experiment end statlons
{Solfim gas jpreets @ " =20ev-100eV
@ 1 - 10 Hz / E=1m]

At =10-30fs
. |~ 1016 W/cm?2

Femtosecond XUV
expenments

Optical
switchyard

O Swee T

Large f/# focusmg ,‘i

Target area

/ - sl v
/ / | " VL — . An »- il
/ / V> I Tre Y
i ; W e j - . ”
f e N\ gl L = ~ =
{ J | - it § - A !
| f / -~ in !
f J -
J / /
f

Radlatlon
sp_leld wall

3000 sq. ft footprint

A PW HHG facility would deliver pulses in the XUV with parameters very
similar to the FLASH FEL at DESY for a very modest investment




II I- = High peak power XUV facility: :'* J *J;
Il Rep. rated PW laser HHG source — Costs & status *\-h[b*

Status and outlook

Present status TW class drivers demonstrated:
= 50 ! per pulse @ 30 eV; 10 Hz
focused intensity ~10%2 W/em?

2 year goal Demonstrate 1 mJ @ 30 eV; single shot
Perform R&D on rep. rated 100 J amp

Construct PW-HHG facility with 2-4 beamlines

' 5 year goal

Investments required

Initial R&D (2 yr) $2M - SaM |
-. Facility construction $10M - S15M per facility |
Staffing levels required 6—10 FTEs
| Annual operations cost S2M
User access ~ 2-4 users at one time
| Scheduled availability ~4 day/week
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Laser-driven plasma sources

Target

CCD

Tcr;:ic::gfl ‘ ﬁ:tz DOSLI'i't"e Diffratction
grating

- AR

§ ‘ |1} LI

HHG Driver *Filter

Pump pulse

Pre-pulse

. Schematic diagram of injection-seeded soft x-ray laser amplifier that produces a high brightness phase-coherent
soft x-ray laser beam by seeding a dense laser-created plasma amplifier with high harmonic pulses.
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II Ii |- Table-top soft x-ray lasers 3 x

% Advantages:
= High pulse energy: Highest pulse energy available from a coherent table-
top source. (> 6 x 10'! photons/pulse @ 100 eV in 13-33 nm region.

 Extremely compact capillary discharge lasers already produce > 1 x 10
photons per pulse at 26.5 eV).

= High average flux. (eg. 20 uW demonstrated at ~ 100 ¢V, with 1 mW
potentially resulting from further development).

« > 1 mWaverage power currently available at A= 46.9 nm from capillary
discharge lasers.

= Compact (1-3 optical tables). Capillary discharge-pumped lasers are as
small as desk-top size.

= Full Phase coherent for seeded SXRL (plasma-based lasers are presently
the only soft x-ray lasers with full temporal coherence)

= Short pulse duration ( 1-5 ps). Potential for 50-100 fswith further
development.

% Limitations: Line-tunable, numerous lines accessible but not
continuously tunable.

[ —
US PARTICLE ACCELERATOR SCHOOL



II |" Brightness of table-top SXR lasers -

10

XFEL
TTF
0L SASE FELs
1 D -.-/I’able-Top SXFRL- Future

g Table-Top SXRL-Present
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Ill.- Compact repetitive laser-pumped plasma :* *:
1 Soft X-Ray asers

L]

Wavelength range coverage: 10 nm- 50 nm (present)- sub 10 nm (future)
Average power: up to 20 pW (present), > 1 mW (future)

Pulse energy: up to 10 pJ (present), > 0.1 mJ (future)
Narrow spectral bandwidth: AA/A <104
Repetition rate: 1-10 Hz (present), > 100 Hz (future)

Pulsewidth: 1-5 ps (present), <100 fs (future)
Size: 1-3 optical tables

Coherence: full coherence (seeded mode), partial coherence (ASE mode)
Facility cost: $ 2-4 M
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II I' == Discharge-pumped lasers produce coherent average "

power @ 46.9 nm similar to synchrotron beam line *\!'][l)
Ne-like Ar Capillary discharge A=46.9 nm laser

Average power: > 1 mW

Pulse energy: 0.01 mJ -0.5 mJ

Narrow spectral bandwidth: AA/A = 104

Repetition rate: up to 10 Hz

Pulsewidth ~ 1ns

Size: table-top to desk-top

High spatial coherence

Cost: § D 3 -0.4 M. Can be easily installed in any lab
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Sources based on plasma accelerators
(10 - 100 GeV/m)

Focusing (E))

Dcfocusing Accclcrating Dccclcrating (E.)
— s 1-__2% e ﬂ_ = ¢ A Laser beam
I + +". —
—— - Relativistic
==+ + + = + + + == *-+i+
S el s Lme electron
beam

PWEFA schematic, indicating plasma oscillations set up by drive electron bunch expelling plasma
electrons from the path of the drive bunch
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1 fully synchronized, ultra-short O A
Betatron radiation during* x
acceleration — Multi keV

II I. = Multi-spectral radiation from THz toy’s .

Transition radiation from beam
exiting plasma - MV/cm THz

Injector + 15t stage

lasma

~4 — .
ey ey *W}:f\'j@*

Thomson Scattering — Multi Wl e

keV/MeV x-ray/gamma ray U
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Ilj|’ Laser Plasma Accelerator Facility N

| Lo
*

* Linac cost is minimal ==> build multiple linacs & beam lines
driven by single laser or multiple lasers

*

* As laser cost decreases and performance increases: power each
beam line with its own laser

ﬁ Seeding %

(T T —
|
[
T T e%ﬂmn:: XUV
eam
A - |
1-10 GeV X-rays
T
+_ !!- !UUcm * - Unredater >
plasma |
channel




I I == Progress in plasma- accelerators for ‘J .
future light sources *\!

FEL and seeding technology R

1 A FEL
1 nm FEL

Technology mature for compact
soft-x-ray user facility
EUV seeded FEL (10-100 Hz; high peak brightness)

30 nm /

2010 2020

GeV LPA

photon energy

BELLA Ultra-high
10 GeV LPA brightness LPA

>
oT4]
-
v
=
©
=
©
)
o

FACET
25 GeV PWFA

Accelerator technology R&D
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Small storage rings




[Phi(s mrad? mm 2 0.1% BW)]

Brightness

=== Possible brightness and flux
Il with current technology

[—Superbend, 49T] =

Flux [Phf(sec m;ad 0.1% BW)]

Ephoton [eV]

Ring charateristics:
1.5-2.0GeV

60 — 80 m circumference
Several 5 T bend magnets
10 nm emittance

500 mA current

~ 40 bend magnet beamlines
(maybe 1/2 on s/c magnets)

Same as productive Superbend beamlines on ALS
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IljI” Pro’sand Con’s of small rings W] S

% Pros:

= High Flux, Moderate Brightness, Many Beamlines, Reasonable Cost per
Beamline, High Stability, Option for (partial) circular polarization out of
plane, If desired could provide round beams (with lower brightness)

* Cons:

= Facility is smaller but not tabletop, Moderate total cost, Very limited
potential for short pulses

* Future R+D

=> On axis injection for lower emittance lattices

% Other potential

= Ring of this size but lower beam energy could be optimized as source for
stable, broadband, coherent THz radiation
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11 Small ring summary AN

% Storage rings are
— Cost effective for large numbers of beamlines
= Providing large average flux and average brightness
% New lattice designs & more compact magnets enable

— Reduced size (to 60-75 m circumference)
—> Lower cost (to 50 M$)

= Facility that could offer 20-40 beamlines with same flux & same
brightness as bend magnet beamlines at 34 generation rings

Very cost effective per beamline
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|| |i |- Thanks to all the participants *

% Workshop Organizers:
William A. Barletta (MIT/UCLA/USPAS) & Michael Borland (ANL)

% Inverse Compton Sources Working Group: Cris Barnes, llan Ben-Zvi, Michael
Borland, Anne-Sophie Chauchat, Jean Delayen, Eric E. Esarey, William S. Graves, Tso
Yee Fan, Geoffrey Krafft, David Moncton, George R. Neil, Gerd Priebe, Ronald D.
Ruth, Kazuyuki Sakaue, William White, Junji Urakawa

% High Harmonic Generation Working Group: Margaret Murnane, Todd Ditmire, Franz
Kaertner, Henry Kapteyn, Roger Falcone, Lou DiMauro, George Rodriguez

% Plasma Sources Working Group: Jorge Rocca, Christoph Rose-Petruck, Nathaniel
Fisch, Howard Milchberg, Max Zolotorev

% Plasma-based Accelerator Sources Working Group: Carl Schroeder, Mark Hogan,
Wim Leemans, Victor Malka, Warren Mori

% Compact Storage Ring Working Group: J. Bisognano, L. Emery, J. Murphy, C. Steier
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