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ABSTRACT

In 1947 W. W. Hansen and colleagues accelerated electrons with microwaves generated from a Klystron.
That work led to the 3km linear accelerator at the Stanford Linear Accelerator Center completed in 1968.

In November 2005 we successfully accelerated electrons with a visible laser light.

Today we are conducting experiments at SLAC to develop photonic bandgap dielectric based accelerator
structures to efficiently couple laser radiation to electrons. The dielectric structures allow laser accelerators
to operate at accelerating gradients of 1GeV/meter.

We have explored the possibility of laser accelerator driven coherent X-rays using a free electron laser. The
approach looks promising because of the replacement of the traditional magnet based undulator with a laser
driven dielectric based undulator.
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Livingston Plot of Particle Energy vs. Year
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Particle accelerator research at Stanford

1st Linac 1946

The superconducting linac
In HEPL, 1960

Demonstration of the FEL, 1977

First Operation of a Free-Electron Laser®

D. A. G. Deacon,i L. R, Elias, J. M. J. Madey, G. J. Ramian, H. A, Schwettman, and T. L. Smif
High Energy Physics Labovatovy, Slanford Unfvevsity, Stanford, California 94305
(Received 17 February 1977)

A free-electron laser oscillator has been operated above threshold at a wavelength of
ddpm.
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The "Microwave" Lab (Now HEPL and
Ginzton Labs) played a crucial role on
the development of particle
accelerators and the corresponding RF

technology

Ed Ginzton

Fig. 10 Marvin Chodorow comparing the CV-150 to the Mark I klystron

Marvin Chodorow & Klystron ~ W. W. Hansen - back right
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The development of the linear accelerator at
Stanford University
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“we have accelerated electrons™ U E d -

Hansen's report to the Office of Naval Research | |

% The Mark 111

A high-energy
physics research tool

1953: 400 MeV
1955: 600 MeV
1960: 1 GeV

Meson Physics carried out
by W. K.H. Panofsky

High resolution electron
: . scattering from nuclei by
1947: The Mark I, 1m, 6 MeV R.Hofstadter
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SLAC: The two-mile accelerator
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“Project M”

1955 first brainstorming and informal discussions

April 1957

September 1961

April 1962

July 1Y62
July 1u62

October 1, 1965

Degember 1960

February 12, 1966

May 21, 19646

June 2, 1966
June 22, 1966
July 13, 1966

Cctober 17, 1966

MNovomber 1966

Januapy 10, 1087

SLAC CHEONOLUM: Y

Proposal for two-mile accelerator submitted by Stanford
University to Federal Governmeant
Project authorized by U. 5. Congress

Contract signed by U. 5. Atomic Energy Commission and
stanford Umversicy

Ground breaking; construction begins

Start of accelerator installation

First "Users Conference," attended by 150 people [rom
laboratories all over the world, to be made acguainted
with 5LAL.

installation of accelerator complele

Program Advisory Commlilee mel, and approved and
scheduled the first experiments to be performed with the
two-mile beam

First beasn lraszmitted over entire two-mile length of
the accelerator

18.4 GeV of beam energy achicved
Second "'Users Conference" held at SLAC
Positrons accelerated

First interlaced multiple beams of different encrgies and
intenoitics accclorated

Enperimonte begin with the beaam in the and stations

20,18 GeV of beam energy achicwved

e $100M proposal

* numerous studies and reports
* > 10 years of effort

| PRLD ALTC, CALSGRNL, THIEAT, MAT 13 171 " Pcen 0A 61200

ke to ask $100 mllllon'

for Stcmford A-smasher

Building -
fime set
: 6 years
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First beam at SLAC, 1966
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Was SLAC worth building?

1968: First evidence of Quarks

1974: Discovery of the \y particle : ' .

1976: Discovery of the charm quark | T
and-the T lepton : i '

1997: The BaBar experiment
2009: LINAC , coherent=X-ra

-Offier Egvelopments -
. SSRL user facility

< Computer science; e
y ¥
-t

e KIPAC Partlcle Ast
!. P
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Existing and Proposed Linear Accelerators

Existing SLAC - 50 GeV Proposed ILC Accelerator 1 TeV

The goal of the Laser Electron Accelerator Program - LEAP - is to invent
a new approach that will allow TeV physics on the SLAC site.

To achieve the goal we need an acceleration gradient of 1 GeV per meter.
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W. K. H. Panofsky, SLAC Beamline, 1997
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3. Exponentlal curve | Z CESR (Cornell]
important for new physics 7 10GeV |- VEPP IV (Novosibirsk] —
=]
- SPEAR ___ DORIS .  VEPPIN
RF based accelerator Ao E® (SLAC) — (DESY)  (Novesibirsk]
technology is nearing its (ltaly)
practical high-energy limit | Gev - .
PRIMN-STAM VEPF I ACO
(Stanford) —  (MNowosibirsk) = (France)
For future high energy collider | | | |
facilities beyond the LHC and 1960 1970 1980 1990 2000 2010
ILC it becomes increasingly Year of First Physics
appealing to invest in new Future Goal

accelerator technologies Maximum gradient ~ >1GeV/m
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Diode pumped solid state lasers

efficient high peak — ultrafast laser
pump power lasers technology
diodes

FEMTO
LASERS

”w
oyl
18 Ty

nLiGHT]
60 W/bar, 50%
electr. efficiency

M Chodrow E.L. Ginzton

e Very compact, tabletop systems
» optical phase control
s pump diodes > 50% efficiency

RF linear accelerator;

based on Features of < « solid state gain medium - 80%
Klystron technology Interest to us Overall wallplug efficiency > 30%
(1930s)

possibility for ultra-short pulse
k operation (100 fsec or shorter)
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Laser-driven particle acceleration

* Idea came about soon after the invention of high-
peak power lasers (earliest articles go back to 1971)

- different laser particle acceleration concepts
> ponderomotive
> linear electric field
> inverse cherenkov
> inverse FEL
» active gain medium
> laser driven plasma wakefield
> ...

» experimental demonstrations are fairly "recent”

- still a controversial topic
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Laser Driven Plasma Wakefield Acceleration

NETWORKING IN THE IMMUNE SYSTEM = NANOTECH BATTERIES TABLETOP ACCELERATORS producing slectron

baams in the 100- v 200-millian-el=ctron-volt
[MaV] range are just anetypa of machine made

passible byplasma acceleration
' IEN I I F ' How to Protect
E from Future Storms
A M R I CA N FEBRUARY 2006
WWW.SCIAM.COM

PLASMA
ACCELERATORS

Anew method of particle acceleration

in which the particles "surf” on a wave of plasma
How to Stop promises to unleash a wealth of applications
Nuclear Terro

By Chandrashekhar Joshi

Guess Who -
Owns Your Genes?

CSI: Washingtoh (George, that is)

IGHT 2006 SCIENTIFICAMERICAN. INC. i www aciam com SCIENTIFIC AMERICAN 41
CORYRIGHT 2006 5CIE ICAMERICAN. INC, I COPYRIGHT 2006 SCIENTIFIC AMERICAN. INC
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BOOSTING A CONVENTIONAL ACCELERATOR

Amajor experiment using the Stanford Linear Collider [SLC] could demonstrate

the Feasibility of so-called plasma wakefield afterburners to boost the energy Posltron beam P tichy
af an otherwise conventional accelerator. The afterburners [inset], consisting dELEETan
aftwe 10-mater-long units installed atthe end of the 50-GeV electron and

positron beams of the three-kilometer-long SLC, would double the beams'

anerglesto LOOGeV. Plasma lenses would help to facus the doubled beams to

collide at a amall point. Fortechnical reasons, the electron afterburner would

be filled with plasma, butthe pasitron afterburnerwould have a hallow axial

channel. This proposed experiment has nat yet heen funded

)" Electron bes m
Positren seurce

Pogitran retarn |ire

FLASHA AFTERBURNERS

Malnlinear
AEcalarator

ED-Gay Plasma EO-Gay
pogitrong Flasma lens elocirong

» al-Me¥ mjgcter

20 matars
'ﬁfl— Electron gun
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"An accelerator is just a fransformer” - Pief Panofsky

“All accelerators operate at the damage limit" - Pief

"To be efficient, the accelerator must operate in reverse”
- Ron Ruth, SLAC

" It is not possible to accelerate electrons in a vacuum”
Lawson - Woodward theorem

“An accelerator requires structured matter - a waveguide -
to efficiently couple the field to the electrons” Bob Siemann

~ 2 MeV
OeVv 100 keV AU <50 Mevim
| | | AX
|| ) 4 N N N
S —
] || ) N AN N J
electron  DC potential ~ RF modulator pre-accelerator accelerator structures
source (buncher)
p=0 B~1/2 p—1

1974 -sabbatical leave, Lund 1994 - SLAC summer school 2004 - Successful 1st Exp
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HYEICAL REVIEW WOLUME 112, NUMBER & DECEMBEHR 1%, 1953
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Infrared and Optical Masers
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hlgh power solid state lasers 40%  60%  BO%  100%

Efficiency

h Ig h powe r fi be r Iase rs Improve efficiency of bar from 50%-80%
.. damage threshold of

dielectric materials

50 [ T T T
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silica .
E 200
NUFERN ALABAMA LASER g 10
5
2 sl iv:laltitl.:iﬂ-n
uoride
modelocked laser technology 3 |
E
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The Hoya Production || laser glass melting campaign was !
completed, yielding over 1700 amplifier slab blanks
1 1
)

h,.

0.1 1 10 100 1000

Pulse width ©(ps)

- Stuart, et. al,, Phys Rev. Lett. Vol 74, No 12 p.

2248 (1995)

10 GV/m fields
guli ?mbégr.::;e;?eu:ebeLweeul:oneparateNOR&sﬂm‘vsn for 100 fsec

“"g‘“ laser pulses

FIG. 1. Freguency chain that allows the companson of the
precisely koown freguency of a methane sabilized He-Ne
laser at 88.4 THz (339 wan) with the cesium [ transition at
335 THz (895 om).

/

Target charnber with steel frammeworks for catw alks being installed,
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Laser Electron Accelerator Project - LEAP

AP e Laser driven particle acceleration

i -uf ]I boundary

—— g x
eIec‘tr::-n beam z == T a =
. ) s collaborators
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i m""”“’"”"ﬁob Siemann®, Bob Noble', Eric Colby', Jim Spencert, Rasmus
IschebeckT, Melissa Lincoln®, Ben Cowan*, Chris Searst, D. Walz',

D.T. Palmer™, Neil Na*, C.D Barnes*, M Javanmarad*, X.E. LinT

Stanford University
Bob Byer”, T.l. Smith’, Y.C. Huang", T. Plettner’, P. Lu*, J.A. Wisdom?*

ARDA, SLAC
Zhiu Zhang', Sami Tantawi®

- Technion Israeli Institute of Technology

7 — Levi Schachter

= . / laser on
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Participants in the LEAP Experiment w63 BYer
Laser Electron Accelerator Program 7 Group

Ben Cowan? Jim Spencer2

New students

*Chris McGuinness?
Melissa Lincoln?2
ePatrick Lul

Atomic Physics collaboration

Tomas Plettner!

Eric Colby?
Bob Byer? Mark Kasevich3
Peter Hommelhoff3

2 Stanford Linear Accelerator Center (SLAC) *Catherine Kealhofer3
3 Department of Physics, Stanford University

1 E.L.Ginzton Laboratories, Stanford University
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Vacuum laser acceleration

1 Energy gain through longitudinal electric field

linear particle
acceleration
process

« gradient = longitudinal electric field
* linear e-beam trajectory

-> no synchrotron radiation

- energy scalable

‘AU:jEz-dz|

- . Eu_ ' R ) ) -
2 Dielectric based very high peak
structure with < 20} electric fields
5
vacuum channel S0k E. 5100 V/m P _
E A . ]
2 5[ fclzl::'l'.dn; ] vacuum
Gradient > 1 GeV/m | Z ‘ channel
& 2 ':"" metals :
::,1 1 I “1I|:l | 1-[;5 NIR solid-

Pulse width t{ps)

state lasers

3 Inherent attosec
electron pulse

2 um laser - 6 fsec period

- ldeg of phase = 20 attosec

A~2pum, T~ 6.6 fsec

electric field

1° of optical phase
T~ 20 attosec

electron bunch

Unique
opportunity for
light sources

SLAC National Accelerator Laboratory
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Proposed Crossed-Beam Laser Accelerator
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The interaction length is limited by phase drift to less than 400 microns

(@)

The properly phased crossed laser beams
have zero transverse field and only a
longitudinal field component E,.

phase controller

0.20W

\ WELLLLIY 100 fsee pulse
T T T mm

clectron

group delay 3

[enses

(b)
An early concept for resetting
the phase every 334 microns
to keep the electrons and the

applied laser field phased.

SLAC National Accelerator Laboratory July 7, 2009
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The Super Conducting Accelerator - FEL facility — #-I63i B{f};p

SCA beam parameters

Beam Energy ~30 MeV amplified laser
Tetectron ~2 psec ) | ®Commercial, tabletop
Charge per bunch| ~5pC n amplified sub-psec

Energy spread ~20 keV i mJ/pulse laser sources

klaser 800 nm /
Ejaser 1 mJ/pulse S R | ” nwh ol p

! i i — '
s e B WM e—

superconducting FEL it _
accelerator structures wiggler slits kicker
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Laser Electron Accelerator Program uE- 1631 BYer
Located in the Hansen Lab on Stanford Campus -~ Group

interaction, -

/ 90°
chamber/ :
; y bending
: magnet
e- beam \ ;
pulses !
et -~ 2 keV
resolution
accelerator N
& cell
& \@Q’e gated
D crossed
Q slit laser beams camer‘a/

»

electron
beam

vertical coordinate

Lom S
energy (keV)
(a) (b)
The crossed-beam laser accelerator The view of the 30 MeV super-conducting
Cell and magnet for electron beam  linear accelerator in the underground
energy measurements. tunnel on campus in the HEPL lab.
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The LEAP experiment
(Laser Electron Accelerator Project)

electron
beam

8 um thick gold-

coated Kapton tape

stepper motors

electron energy
—AU hax, FAUna

spectrometer

camera

optical phase of the laser

L Lo 1 |0 1 1 Yo

|

The field-terminating bo_undary

—~

40

- - o] 20
1 Energy spread (keV)

decelerating
phase

|

|

accelerating
phase

broadening of
the initial
* energy spread
of the electron
beam

SLAC National Accelerator Laboratory
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LEAP Experimental Success- November 2004 w1631 BYe"
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We have accelerated electrons with visible light!

laser KN\

beam

accelerating
hase

~~_
~~_
~~_
~<

electron  decelerating

beamy
8 um thick gold-

coated Kapton tape

/

stepper motors

N7

The simplified single stage
Accelerator cell that uses

gold coated Kapton tape

to terminate the Electric field.

The LEAP experimental apparatus that
Includes the LEAP single stage accelerator

cell and the inverse FEL.

SLAC National Accelerator Laboratory
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Tomas Plettner and LEAP Accelerator Cell wE-1631 gyer
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A

T

£

& 3
Fally

R

2

7

The key was to operate the cell above damage threshold to generate
energy modulation in excess of the noise level.
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Energy Modulation vs Laser Peak Electric Field

k- 631 BYer

(This is a modest laser with ~200 micro Joules in 4psec)ﬁ Group

Average modulation strength (keV)

Laser fluence (J/cm?)

Oi2 Oi6 1i4 2]5 3i9
[ [ I [ [
161 18 72 162 284 448
Laser pulse energy (nJ) R
14 o
-0
12- o
10 The acceleration is linear
with the applied laser field
81 K as expected from theory.
6 oo
- A =800nm
4 o Tewum =4.0 psec
2. Apyum =100 zm
O - i I I I T I
0.5 1 1.5 2 2.5

Laser peak electric field (GVolt/m)
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We accelerated electrons with visible light
Group

S . r . eek endi
PRL 95, 134801 (2005) PHYSICAL REVIEW LETTERS 23 SEPTEMBER 2005

Visible-Laser Acceleration of Relativistic Electrons in a Semi-Infinite Vacuum

T. Plettner and R. L. Byer
Stanford University, Stanford, California 94305, USA

15 ; — T

0.05 0.1 0.2 03 04°

S =
5] . - ) ) . . ) >
< Laser Pulse Energy (mJ/pulse) . Zolby, B. Cowan, C. M. S. Sears, J. E. Spencer, and R.H. Siemann 2
= == (M)__ simulation g _SLAC \ Me;{!o Pm:k. Ca!.fﬂ)mfa 94025, USA =
c ot (Received 19 April 2005; published 22 September 2005) <
2 or + (M) data .S
% run 935 E
° 31 =
) 30 . -g
E o =) X laser on E
o sl <M>m0del =0.361-E, 8 .l . =)
8 )
S (M)=(0.349+0.017)- E, -(0.35£:0.25) g 7t : 5
[ 5 26+ » @
& 8 L. g
k) i )
> >
a 5 10 15 20 25 30 35 40 45 1] 10 20 3n 40 a0 B0 70 a0 on

Peak Longitudinal Electric Field E, (MV/m)

“ben =dasen Offzs 500 05 Elli] 35 320 Laser Polarization Aﬂg|e 0 (dEgl’eeS)

laser timing (psec)

+0o0

» confirmation of the Lawson-Woodward Theorem J E,dz=0
- laser-driven
« observation of the linear dependence of energy gain AU oc |Elaser| linear
with laser electric field acceleration in
vacuum
« observation of the expected polarization dependence  |E, | o |E e |COS p
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Tomas Plettner - Experimental Success
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Visible light driven TFEL

PHYSICAL REVIEW LETTERS week endi~~

PRL 95, 194801 (2005) 4 NOVEMBE 005

High-Harmonic Inverse-Free-Electron-Laser Interaction at 800 nm

Christopher M. S. Sears, Eric R. Colby, Benjamin M. Cowan, Robert H. Siemann, and James E. Spencer
Stanford Linear Accelerator Center, Menlo FPark, California 94025, USA

Robert L. Byer and Tomas Plettner

Stanford University, Stanford, California 94305, USA
(Received 4 March 2005; published 2 November 2005)

Cross-correlation in time Observation of harmonic interaction
j I j - Simulation x0.67 I I I ) ) )
40+ N 4 +  Data
2 3 o
i T T 1
= e =3
L .2 I -
% = i ™,
~ 2 \ 4 -
— = b ™, ]
= =
& 2 L
a s
0 -) 1.5
& N NG
0% & ] 10
Giap {mm)
07 08 08 1 11 12 13 14 15 16
Time Offset (pS) MNormalized Peak Field Strength (-‘(w]
FIG. 2. Example data run with 1500 laser on events. The solid FIG. 4 IFEL gap scan data, with 164 runs total. Comparison to

simulation (solid line) shows very good agreement to the shape
and spacing of resonance peaks. The harmonic numbers are
given next to each peak. Simulation has been rescaled vertically
by 0.67 to better visualize overlap.

curve is the least squares fit to all data points and gives the mean
interaction of 18 keV. The dashed curve is the maximum
estimate and gives the peak interaction of 25 keV. The width
of cross correlation is 2.2 ps rms.

* graduate student C.M. Sears

AARD subpanel Dec 21 2005
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Chris Sears - LEAP Notebook #7 wf-63 Byer
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Jim Spencer - LEAP success! w1631 BYe"
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Ben Cowan

SLAC National Accelerator Laboratory

:g,i'ﬂ‘!'!i"l-lll :Q‘

Tomas Pletther Chris Sears
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LEAP Team - Feb 2006 wf-1631 BYer
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Photonic Crystal Laser Accelerator Structures
B. Cowan®, M. Javanmard, R. Siemann, N. Wu, Stanford Linear Accelerator Center.
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sipc Goal: Invent and Test Dielectric Accelerator Mlcr'os‘rr'uc’rur'e% 1631 Byer
Sk KEY: Impedance match field to electrons using PBG structures Group

Periodic phase modulation structures

cylindrical cylindrical
lens

vacuum
lens

channel

=N
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Z. Zhang et al. Phys. Rev. ST AB 8, 071302 (2005) T. Plettner et al, Phys. Rev. ST Accel. Beams 4, 051301 (2006)

Hollow core PBG fibers 3-D photonic bandgap structures
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X.E. Lin, Phys. Rev. ST Accel. Beams 4, 051301 (2001) B. M. Cowan, Phys. Rev. ST Accel. Beams , 6, 101301 (2003)

SLAC National Accelerator Laboratory July 7,2009 “Laser Accelerators”


http://tesla.desy.de/%7Erasmus/media/pbg fiber accelerator/Photos/slides/end of fiber.html

Nz Progress in laser accelerator physics uf- 1631 Byer
<N Group

Energy efficiency of laser accelerators, single and multiple bunch operation

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS, VOLUME 7, 061303 (2004) PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 8. 031301 (2005)

Energy efficiency of laser driven, structure based accelerators Energy efficiency of an intracavity coupled, laser-driven linear accelerator pumped
by an external laser

R. H. Siemann
Y. C. Neil Na and R. H. Siemann

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309, USA

R.L. Byer

Edward L. Ginzton Laboratory, Stanford University, Stanford, California 94305, USA
(Received 26 January 2005; published 11 March 2005)

Coupling Efficiency vs bunch charge
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The E163 experiment at SLAC wl-1631 Byer
~ Group

The NLCTA
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The E163 experiment at SLAC

Wi 13 Byer
w1641 3

roup

Ti:sapphire
g @7 laser system '

266 nm 800 nm
NLCTA tunnel experiment
hall v
interaction
hamb
7 MeV 60MeV chamber
X-band spectrometer
‘ structure
Chicane X-band
RF gun » compressor structures

eenergy filter

Accomplished milestones so far
* construction of the experiment hall
* installation of the E163 control room
» commissioning of the laser system
* installation and commissioning of the RF gun

Expected 1st experiment in autumn 2006

; The new E163

1 experiment hall

SLAC National Accelerator Laboratory July 7, 2009
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< ] Next Linear Collider

& Test Accelerator

B Next Linear Collider
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% = 800 nm
U ~ Y2 mJ/pulse
t ~ 200 fsec




Eric Colby giving animated tour of NLCTA and E163 k-[63 g{g;p

E163 Experimental area
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The next step: staged accelerators at E163 w-[031 g{ﬁap

laser
focusing
triplet
optical compressor T/ \§iw TUEET e e SER O optical
buncher accelerator
The triplet The IFEL | o Accelerator
The compressor chicane structure
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<500 attosecond electron compression in Inverse FEL
(Chris. M. Sears, PhD thesis SLAC June 2008)

- ] 6.3})_

We have achieved net acceleration of electrons with attosecond phase control

laser

optical /r compressor ’§ optical
buncher accelerator

chicane

Expected bunching Expected energy gain

160 -

140+ Fit Amp=17 keV

120+

100 +

Phase

phase

Experi ment  IFEL modulates energy spread
» electron drift creates optical bunches

features « second accelerator - net acceleration
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wh 1434 Byer
wL-103 Group

Chris Sears Thesis Defense
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Future Experiments
Goal: test multiple stage acceleration

Cascading of microstructure accelerators

electron
beam to the energy
60 MeV spectrometer

—

focusing triplet

laser

Show scalability beam i
eam

splitter
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Professor Robert Siemann and Chris Sears w163 BYer
June 15, 2008 - Stanford Graduation Ceremonies w10 Group
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Robert H. Siemann - encounters and essays w-163) g);c?tzp

\Y’

Bookmarks  Tools  Help
(ml I “ars | hkkp:ffprst-ab, aps. orgfedannounce/ siemann-essays ™ ).
|£| Most Yisited ’ Getting Started |5 | Latest Headlines |:] Stanford University
~
Physical Review Special Topics— e e D
physics
Accelerators and Beams

APS Journals APS 5 Journals s Physical Reviewy Specisl Topics - Accelerstors and Beams » Robert H. Siemann BEIISEILLGTEE Journal Search Site Search

T —encounters and essays

MR Robert H. Siemann—encounters and essays (December 1, 2008)

Apout This Journal

Journal Staft Wie deeply regretthe passing of our friend and colleague, Robert H. Siemann, on September 16, 2008. He was the founding Editor of Physical

Review Special Topics - Accelerators and Beams. We are now publishing a dedicated section of essays in memaory of Bob Siemann. The

About the Journals essays are from different angles of Bob's remarkable career and life. \We hope these anecdotes and educational remarks are a benefit to our

Search the Journals readers.

APS Home » Essay: Robert H. Siemann—encounters and essays

Join APS Frank Zimmermann (Published 1 December 2008)

Pt = Essay: Bob Siemann and the meson production by pelarized photons

arners Richard Talman (Fublished 4 December 2008)
> Sponsars » Essay: Robert H. Siemann and plasma wakefield acceleration at SLAC
> APSDFB Tom Katsouleas (Published 8 Decermber 2008)
> EPSAG = Essay: Bob Siemann’s contributions to aidvanced accelerators—a personal perspective
3 EPAC'DS Wim Leemans (Published 3 Decermber 2008)
3 JRCavy = Essay: In memory of Robert Siemann
Alexander Wi, Chao (Published 9 December 2008)

Muthors « Essay: Robert H. Siemann: A personal tribute
5 General Information Srinivas Krishnagopal (Fublished 9 Decemhber 2008)
5 Submita Manuseript * Essay: Remembering Bob Siemann as an early mentor

Richard 5. Galik (Fuhlished 12 December 2008)

Copyright Policies
? Ry » Essay: Robert H. Siemann as leader of the Advanced Accelerator Research Department
> Openfceess Etic R. Calby and Mark J. Hogan (Published 12 December 2008)
> Folicies & Practices « Essay: Memories of a mentor and friend—Robert H. Siemann
» Tips for Authars Gerald P. Jackson {Published 12 December 2008)
» Joumnal Sections = Essay: Hands acress the Atlantic
5 Professional Conduct hike Poole {Published 12 December 2008)

= Essay: Bob Siemann—SLC days at SLAC

Referees Tor ©. Raubenheimer (Published 16 December 2008)

5 Genearal Information # Essay: Bob Siemann and PRST.AB
g hartin Blume (Published 17 December 2008)
» Submita Report
_ « Essay: Bob Siemann and the Spallation Neutron Source: A remembrance
> Ciltstanding:Rsferecs Stuart D Henderson (Published 18 December 2008)
> Update Your Informatian = Essay: Robert H. Siemann—a great scientist, teacher, mentor, and friend: From LEP and SLC to advanced accelerators
» Folicies & Practices Ralph . Amann (Published 22 December 2008) v
Cone
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Laser Electron Acceleration Group

Chris Bob Bob Eric Chris
~McGuinness iemann Byer Colby Sears

Low-enerqy electron laser

acceleration group

Bob Byer
Patrick Lu,

Anthony  Catherine Peter
Serpry Kealhofer Hommelhoff

Rasmus Chris Ben Tomas Jim
Ischebeck Barnes Cowan Plettner Spencer

ast collaborators
g_ot: N(\)/SIT P Y.C. Huang
\eter Walz T.l. Smith

H. Wiedemann
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Contents w-1631 Byer
Group

“Don’t undertake a project unless it is manifestly important and nearly
impossible.” Edwin Land — 1982

Historic Background

Laser Electron Accelerator Project - LEAP

HEPL Experiments from 1997 - Nov 2004
Future E163 Experiments at SLAC

The TeV-Energy Physics Frontier

Future Opportunities

Coherent X-ray lasers
The Attosecond Physics Frontier
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Envisioned laser-driven TeV scale collider k- (631 gﬁ;p

( block-diagram )

IIE LT - Oscillator-Amplifier lasers
W@
Q ] ~ * phase-locked to the clock

* attosec stability
* possible NIR wavelengths:

Oscillator laser . *1.03 YD, 1.06 Nd

« ultrastable clock * 1-55 TEr ’

« attosec stability * 2-2 Crrn, 0

« low power * e

P Y, « diode-pumped: >30% efficiency
l l * 100fsec-1 psec durations
: - > S

Optical Injector
« optical cycle e- bunch | | H_J
e ~10%4 eIectrons/bunch \ v J ~ J Collider area
« ultra low emittance Pre-accelerator « sub-A spots
« laser-driven field emitters « nonrelativistic

Electron beam e multi-MHz rep-rate
« 1 fC/bunch 3 w = 01
* sub um spot size

» ~1010 bunches/sec

* preserve emittance
« compress bunch

Accelerator sections
* relativistic

* preserve emittance

* periodic focusing

« alignment and stabilization

fsec field emitters

@ " 50
451 = @ . -
40 1 ] ¥

T < .
N S
- E ] 1 i
g! -50 g 20 "‘ | s t . .
5 o \ = 2ol v [x [, Order-of-magnitude power estimate
= o I R R .. . 10 7 -
£ \ 0L te’ tud te’ et Initial focus of our research 122(;’/ 10 h 1Tev z;olgyvevbea'm |
5% oows ooo se0 Fi;aafizaﬁoﬁangl;?(o) 360 * success of proof-of-principle exp. . 50 0/° COlflp Imgl 5 1)(()8 W |°p:"?"’?t power
Tvoitage U (V) « research on dielectric structures o wallplug faser electricity
P. Hommelhoff et al 100 MW electricity
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Wik 1 A Byer
6jl Group

Laser beam parameters for TeV scale accelerator

» Take advantage of high laser
repetition rate
» Multiple accelerator array architecture

2. Low bunch charge
problem

Laser pulse structure that leads to high electron bunch repetition rate

10 laser pulse trains per second laser pulse laser-
A SLC NLC SCA-FEL TESLA
p N — accelerator
laser pulse train laser pulse 4
/_/% / optical cycle fRF (GHz) 2.856 11.424 1.3 1.3 3x10
/ f, (H2) 120 120 10 4 10*
N, 1 95 104 4886 10
1 At (nsec) 2.8 84.7 176 | 3x10°
UUULLUUOL UUUUUUUEL —— fo ()| 12x10% | 11x10* | 1x10° | 16x10* | 3x10°
/ N, 3.5x10%° | 8x10° 3.1x10° | 1.4x10% 10*
10 laser pulses
pr e TR I, Gecn)| ax10? | ox10® | 3x10? | 2x10° | 3x10™
rain

Requires 10kW/meter or 10MW/km and ~40% efficiency Laser Sourcel

~ 10 microjoules in 100fsec per micropulse . g
( : P pulse) selectric field cycle frequency ~1014 Hz
Dramatic increase of ..
emacro pulse repetition rate ~1GHz
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Envisioned parameters

W[ 631 BYeT

Group
target gradient G 1 GeV/m
laser pulse duration aser 1 psec
electron bunch duration Te 20 attosec
~ 1 nsec ~
1 fC/ bunch
1 psec
—
macro pulse: 10 bunches
total beam current I, 10 pA
total beam power at 1 TeV PIO 10 MW
SLAC National Accelerator Laboratory July 7, 2009 "Laser Accelerators” 94



TeV scale laser accelerator parameters

accelerator field wavelength A

laser pulse repetition rate f
bunches per laser pulse “macro-pulse” n
electrons / bunch N
accelerator beam diameter o
beam diameter at IP focus O
transverse geometric emittance &

B atlIP ,Bo
approximate luminosity at IP L ~ nfN

dro,o,

10

~6000 (1 fC)
0.1 um
0.1A

1011 m-rad

10 um

~1034/cm?-sec

AARD subpanel Dec 21 2005

SLAC National Accelerator Laboratory July 7, 2009
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Contents w-1631 Byer
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“Don’t undertake a project unless it is manifestly important and nearly
impossible.” Edwin Land — 1982

Historic Background

Laser Electron Accelerator Project - LEAP

HEPL Experiments from 1997 - Nov 2004
Future E163 Experiments at SLAC

The TeV-Energy Physics Frontier

Future Opportunities

Coherent X-ray lasers
The Attosecond Physics Frontier
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iﬁ%%Apr'il 2009 - LCLS: Coherent 8KeV X-ray source- ImJ at 10H#

I 1631 Byer

Group
RF-accelerator driven SASE FEL at SLAC - 2009
L-_CLS' E'mnla SAUSndEm'EL 14 Gev |
T -230 >l isec AN AAM—S LCLS properties

@ ~ 1012y / pulse

* materials science
* chemistry
« atomic physics

undulator
1120 m

Experiment
lines

-"-..' Synchrotron l 100 m Pulses
| Radiation

o 1 kme-size facility

* microwave accelerator
e JAge~10cm

o 4-14 GeV e-beam

e 120 m undulator

e« 23 cm period

e 15-1.5 A radiation
 0.8-8 keV photons
« 10 photons/sec
e ~77 fsec

« SUCCESS - April 09

% * 1mJ per pulse
TTF: Tesla Test Facility; fsec EUV SASE FEL facility e 10Hz
XFEL: Proposed future coherent X-ray source in Europe... « 8keV X-ray photons

“Laser Accelerators”


http://www.slac.stanford.edu/slac/media-info/photos/aerial.tif

Question: can we generate coherent Xéﬂ%ﬂ; Byer
With table top laser accelerator? 7 Group

Reference: First suggestion that Laser accelerator could drive an X-ray FEL.

Y. C. Huang and R. L. Byer, "Ultra-Compact, High-Gain, High-Power Free-Electron Lasers Pumped by Future Laser-Driven
Accelerators," in Free Electron Lasers 1996, G. Dattoli and A. Renieri, eds. (Elsevier Science B.V., 1997), pp. II-37-11-38.
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Table Top Attosecond X-ray FEL Source

k-6 Byer

Group

low energy 100 MeV

e-beam \

Take advantage of ultra-low
emittance laser-accelerator e-
beam and new magnetic
materials

Table Top attosec x-ray
source with medical and
chemistry applications

attosec light sources

1° of optical phase at 2 um - 20 attosec

Prof. Byer’'s dream...

\Y

[y
=
o

20 asec

Im

The wizard of optics

Preliminary model studies

* Istinitial feasibility study with the 1D FEL model
» Attosec bunching of 1fC helps enhance the gain
*“low” 1 MHz rep. rate = low avg. power

» Further more refined studies under way

* It deserves a closer look

SLAC National Accelerator Laboratory

July 7, 2009 “Laser Accelerators”
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http://www.kjmagnetics.com/proddetail.asp?prod=B42Y1&cat=11

3 XS The Key Components of the SASE-FEL architecture gj.jg3i BYer
S T SASE - Self Amplified Spontaneous Emission Group

ac2elerator

undulator

."—‘,f‘ -
o f‘.- &

<320 m ? Y o 4 3
" AT o

Experiment
& = < ines

4 D 4 N 4 D
source of free ‘ accelerator ‘ undulator
particles section
. J . J . J
laser-driven dielectric structure dielectric structure,
high rep. rate based laser-driven laser driven
very compact particle accelerators
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Question: Is it possible? A Table Top laser driven SASE-FBE-[631 g?r/glrjp

Concept: Summer 2007

Laser accelerator undulator
, ~ 1 GeV
Solid state -
laser I
A~ 1um
~2m
Input electron beam Magnetic undulator
~ 1-2 GeV beam energy L~ 200
. _ um
> * 2t = 10 attosec pulse duration Lz ~ 20-40 cm
10 attosec sec ~ 1 pC bunch charge B.~ %-1T
pulse structure 0
J ~ 0.05% energy spread

Field envelope growth

P Smallest

ZE(Z t)=- e electrons per possib!e

ot (Zt)=-z ,; unit volume beam:uze
¢, <500 nm

SLAC National Accelerator Laboratory July 7, 2009 “Laser Accelerators”



wh. |43 Byer
Mj'iGrOUp

Development of the three key laser-driven components

4 )

source of free accelerator
‘ ‘ undulator
particles section

N J

develop MEMs based Dielectric laser-
driven accelerator structures
Objective: < 1. Dielectric optical MEMs structures

2. High acceleration gradients (~ 1 GeV/m)
__ 3. Mono-energetic, maintenance of low emittance

SLAC National Accelerator Laboratory July 7, 2009 “Laser Accelerators”



Development of the three key laser-driven components

wh. |43 Byer
Mj'iGrOUp

-

undulator

J

source of free - accelerator -
particles section
r

First Idea: <

Length ~ 30cm

Periodic Magnetic Undulator

Field strength ~ 1 Tesla
Modulation Period ~ 0.1mm

SLAC National Accelerator Laboratory July 7, 2009

“Laser Accelerators”



Proposed parameters for laser driven SASE-FEL 5 ;¢ Byer
(Theoretical Study of FEL operation) " Group

2m

laser accelerator

low energy high energy
field T -
emission >
tip Bl ool
oscillator
laser e
amplifiers
cylindrical vacuum °y|i|ndfi°a'
lens channel ens laser
beam
—
top view

— — — — —

= =

Z —_— — — — —

electron XY‘ e
beam y X — — — — —

«~——¥XHrm—
beam
dump

I

‘=

~200 pm —>|  |«—

undulator

e
J

~50 n

~40cm | |
1pC,
2 GeV,
AU =200 pm,
Lu=40cm
rb ~ 200 nm
B~1 T

SLAC National Accelerator Laboratory Jul/;/ 7, 2009

“Laser Accelerators”



Attosecond X-ray FEL Source - detail

( ‘
. . E e< A SN 1ol E=100Mev
S'rar'fmg pomf < 10p - A ) 4001 g =1 fC /bunch
S = — A, = 100 pm
1-DFEL model | & 1! ® 300! =
R B R SR () S
Design parameters < g IN7O0A A ~28 pum S F = 6
must satisfy these ] ‘ : ! ) <
conditions i 0.1 i 105 g s 2001 g,
i ! € ~10-3 um-ra |5 1 & LG »
Y oo1 E & 100 ] | _—
= . -
\ 001 01 1 10 1 2 3 1 2 3
beam energy (GeV) electron beam size (um) electron beam size (um)
r
~ ~ ~ 9 m- ~
s Leopo = 1com Lg lcm ¢ 10°m-rad A, 18 attosec
£ A, ~10um -+ O, ~3pm L, ~30cmg, ~ 1fC U, ~107J
£4 A~ 1nm ’
Undulat 5 r T
nu.aor' < ES, &— ~1cm —> ~ 3um
design g
1 ]
p beam energy (MeV)
fo, ~ 1MHz g
Laser power Noee ~ 1% 1% 1% of U, =107
required < P.. ~ 10W laser power conversion < U ~ 107 Photons
Nser ~ 10 % wallplug efficiency efficiency ~ 1 nJ/pulse
P, ~ 100 W electrical power "
\.
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X< End of Story? NO! Plettner went away and thought real hard - &f-/43 BYer
N - Group
New Idea: Laser-Driven Dielectric Undulator for FEL
accelerator structure deflection structure

[VAAVAYAAY:

<I§L+(\7xl§)l>:0 <I§L+(\7><I§)L>;t0

)t smsoovim - (FG) 4B -2

key idea

Extended phase-synchronicity between the EM field and the particle
Use modelocked laser to generate periodic magnetic field

T. Plettner, “Phase-synchronicity conditions from pulse-front tilted laser beams on one-dimensional
periodic structures and proposed laser-driven deflection”, submitted to Phys. Rev. ST AB

SLAC National Accelerator Laboratory July 7, 2009 “Laser Accelerators”



-1 6 BYer

Group
a) 0
n=1.58 i
O_fﬂp |
~ A,
)~(~-~_\<GL-X'> § Gy) Y-
_______ I 0'4/1'0 particle i :
A trajectory :
P !
A <« 5 E
22 T <GJ_,totaI>
incoming wave 51
d)
0.2}
5 £ 0.1}
. :
5 £
é- E-Ql

TE polarization

-0.4 ‘ ‘ | ‘ | 7
- 0 T = : J

TM polarization

SLAC National Accelerator Labopptiea} phase (4) July 7, 2009 optical phase (¢) “Laser Accelerators"



A dielectric structure laser driven undulator

wh-163 Byer

Group

pulse-front
tilted laser <

beams — l

Ve

E

deflection
structure
sections

amm— —_—

Lo onnnnnnmnr

g upipipEp i ipEy g g ipEpNpipipNy

Uuruuururuurofuuuyuruugurorun UL

—t

< undulator period A,

=t

< undulator period A,

—t

 ——

e same loss factor as the laser accelerator: ~100 GV/m/pC

o similar MEMS structure geometry - fabrication compatibility

SLAC National Accelerator Laboratory

July 7, 2009

“Laser Accelerators”



Calculated FEL Performance - 0.1 Angstrom X-rays wp c Byer
(Pulse duration of X-rays - 5 attoseconds) 7 Group

KU =2GeV \

400 9 500 b :

L8| | ~ g, =10"°m-rad

1.6 5.0- ‘
14 S 40 ‘ | Q =20 fC
3 12 o | | —_010
%1.07 2 20 | /\ | Ay/y=0.1%
= L ) / =
8_ 82 o 20 - ‘ / \\ | O-r 200 nm

0.4f , | | p =4cm

02 N 0 /\\ \ j

6 4 =2 0 2 4 s 6 4 =2 0 2 4 6 8 10
time (attosec) time (attosec)
C) d

o, 900 S L, ~ 214,

7.0 : - E
< 0| o, ~1361
350 b r
5 4.0
830/ ‘

20|

10| LG - Leo(1+ Nisﬂ“r /BO-b)

0 5 0 5 10 15 20 200 400 600 800 O-b/ LC ~6

time (attosec) undulator period

peff :UFEL/Ubeam - 5X10_4

G. Dattoli, L. Giannessi, P.L. Ottaviani, C. Ronsivalle, J. Appl. Phys. 95, 3206 (2004)
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Summary: possible table-top coherent X-ray source #-/63i CB;yer
roup

Schematic of the tabletop radiation source

field emitter laser laser
source* accelerator undulator
A N X-I
N~ N N ays
N _ _ 5
GevV { = = = 10°/pulse

There is a path forward based on a
modelocked laser driven dielectric structure

SLAC National Accelerator Laboratory July 7, 2009 “Laser Accelerators”



Future: Experiments to be conducted at SLAC

Test of laser-deflection Structure

Iﬁ 2cm 1mm-—>
laser off
electron (no deflection)
beam
60 MeV
laser on

I laser .
focusing triplet beam \

Prove the concept of a phase-synchronous deflection force

SLAC National Accelerator Laboratory July 7, 2009 “Laser Accelerators”




Experiments to be conducted at SLAC

N

Look for undulator radiation

K? K2 K2
=1a J -J | pulse-front tilted laser
ph 2 2 1 5 2 0 2 > —
Lrk?/2f L 4+K?/2) 41+ K?/2) beam =
::_ mask or high-
electron e l — 1 mm reflector
beam :: u /
:_ I

I undulator
— deflection radiation
-_— truct
Prove the concept == sections N, ~3x10°
= A ~40nm

r

Ko A,
measure < Aw/w=1/N,

AO =22, [AN,

pulse-front tilted laser
beam

SLAC National Accelerator Laboratory July 7, 2009 “Laser Accelerators”



Laser Electron Acceleration Group
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~McGuinness iemann Byer Colby Sears
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Bob Byer
Patrick Lu,
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ast collaborators
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Challenges ahead wl-1631 Byer
Group

M N \A Staged acceleration

* precise control of optical phase

,/i/' - 'l J « control of focusing and steering

of the electron beam

IFEL Compressor Chicane LEAP Cell

Implementation of real
accelerator microstructures

« fabrication

» coupling of the laser

« electron beam transmission

« survival of the radiation environment
* heat removal

Laser technology

» wavelength 2 um

* optical phase control
* wallplug efficiency
* lifetime

July 7, 2009 “Laser Accelerators”
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a) Setup for the reflected spot measurements

b) Reflected pulse intensity versus laser pulse duration
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OPTICAL PHASE LOCKING OF MODELOCKED LASERS FOR
PARTICLE ACCELERATORS*

T. Plettner, S. Sinha, J. Wisdom. Stanford University. Stanford. CA 94305
E. Colby. SLAC. Menlo Park . CA, 94025
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