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2005: World Year of Physics, 100 years since
1905: Einstein’s Annus Mirabilis with three significant papers:
Photoelectricity, Brownian Motion and Special Theory of Relativity

Einstein’s Annus Mirabilis

THE COLLECTED PATERS OO

Albert Einstein
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Photoelectricity, Brownian Motion & Special Theory of Relativity
immm) all three are related to ERLS via Photocathode Guns,
Emittance Dilution and Speed-of-Light Particles

r
J
o gy =
ol E
0. i - i
-..' '-.‘. -I
S ;
s ,
&
E,
;
]




Manipulation of charged
particles to achieve controlled
emission of light

For the rest of miy life I'want 1o reflect on wbat

Iight is Y16

— ‘Spontaneous’ and ‘Stimulated’ Emission of Light

— Einstein Coefficients ‘A’ and ‘B’
m— | asers




Emerging Sciences of the Twenty-First Century Driven by
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Particle Accelerators

Elementary Particle/Nuclear/Astro-Physics and
Cosmology (Collider, Rare Isotope and Neutrino
Facilities)

Probing with Photons: Nano/Femto/Atto-World
(X-ray FELS and Ultrafast Synchrotron Light
Sources)

New materials via Neutron Scattering (Spallation
Neutron Sources via High Current Proton
Drivers)




Future Colliders/Accelerators for
Particle/Nuclear Physics




Microcosm and Macrocosm i v
The Big Bang

1 1hmssre: rellns e

-

wE
e
i

B oy

H




DEEP CONNECTIONS:
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Two Major Particle Physics Frontiers
in the Lepton Sector:

i)  international Linear Collider (ILC)

II~ Neutrino Factories/Muon Collider




ILC/SKRE Ré&D




ILC Schematic

The Global Design Effort (GDE) plan and schedule

CLIC

project

Hanmn
Collider
: physics
S —— ""'°3tional Linear Colider
: _ R&D progmamme
expression of
inteest to host

intemational management

From CERN Courier, November 2005




The Superconducting Linear Accelerator




Superconductivity

Heike Kammerlingh-Onnes, 1911: SC in mercury
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“Pulsed” Operation of “Normal” Conducting
Accelerating Cavities
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“Continuous” Operation of
“Superconducting > Accelerating Cavities
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Applied Superconductivity today

Today, Superconducting RF is a robust global
technology that is still evolving. It occupies a
central place in the Coordinated Accelerator
Research in Europe (CARE program). ltis a
focus of many U.S. laboratories. It is also
emerging in Asia (China, Japan, Australia).




Global View of Accelerator Ti echnology
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Advances in SRF, Combined with Beam

5a--_ M & 1A Ion n-n.nA --—-" :‘.A .ni:_ggnnv.ll \/l o

1985 = BN EEaes
5MV/m, CEBAF design, 5 cells

1995 =—> HEEEEes
~7 MV/m, CEBAF asbuilt, 5 cells

1998 = 4 g g g |
10 MV/m, JLab FEL, 5cells
~20 MV/m, CEBAF Upgrade Prototype, 7 cells

~45MV/m, JLab R& D singlegrain, single cell result @ 2.2 GHz

SRF enables: compact FELsto Linear Colliders

With recirculation: 12 GeV, 25 GeV, v Factory
With energy recovery: e-cooling , EIC, Light Sources, MW FELs




Cost Saving Subjects

 Cavity fabrication and Treatment
(“The Jlab/CBMM Technology”)

e Superstructures

Courtesy: Peter Kneisel
Ganapati Myneni




Jlab/CBMM Technology

* Development started with the need for understanding
mechanical properties of niobium from different
manufacturers (G. Myneni)

* Ingot material supplied by CBMM with large grains (T.
Carneiro)

* Mechanical properties —especially elongation — excellent,
permitting forming of cavity cells

Comparison of Single and Poly Crystal RRR niobium
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Jlab/CBMM Technology

Discs from Ingot Cavity
T i/ Enee = 1.674

}geak/fm = 4.286 mT/MV/m




Jlab/CBMM Technology

Test #2: post-purification heat treatment at 1250 C for 10 hrs, 100 um BCP,
high pressure rinsing

2.2 GHz Single crystal single cell cavity after postpurification
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Jlab/CBMM Technology

Test #1b: Treatment 100 um BCP, 800C hydrogen degassing, 100 um BCP,
pressure rinsing, “in situ” baked at 120C for 48 hrs
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Jlab/CBMM Technology

BCP provides very smooth surfaces as measured by A.Wu, Jlab

RMS: 1274 nm fine grain bcp
e — 27 nm single crystal bcp
251 nm fine grain ep




Jlab/CBMM T echnology

Nb Discs LL cavity 2.3GHz
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Jlab/CBMM Technology

* Estimated savings per cavity due to

use of less expensive ingot material and
“streamlined” procedures

~ $ 12,000

* Total savings for ILC (~ 20 000 cavities)
~ $ 240,000,000




Superstructures

To push the SRF limits for ILC accelerator Kenji Saito proposed to re-

fresh the idea of weakly coupled pairs for the ILC upgrade. (J. Sekutowicz,
1. ILC workshop)

Example: 2x8-cells based on the RE-shape.
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RE 2x8-cells; Contour of B
field




Superstructures

Jefferson Lab has “flirted” with the idea of using
SST for the upgrade of the FEL; two SST’s (2x 5
cells and 2 x 2 cells) are in fabrication and is gaining
some experience in the near future

The estimated cost savings for the replacement of
“regular” cavities with superstructures is of the
order of

$ 250,000 000

Therefore it might be worthwhile to pursue this
option




Possible Cost Savings

By pursuing the “Jlab/CBMM” technology
for cavity fabrication and “streamlined”
procedures and implementing
superstructures based on the LL cavity
Design cost savings in the range of

$ 0.5 to 1 Billion
Seem to be possible




Newtrino) Factories/Miron Collider




Ubiquitous Neutrinos

Fram atmosphere ~GaV




1'5-;:#'; The Intemational Bcoping Study of a Meutrino Factory and Super-beam Facility
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Schematics of a Neutrino Factory (US Study lla)
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Front End Performance — Bunching, Rotation, Cooling
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Initial beam emittance/acceptance — prior to acceleration

after the cooling channel at 273 MeV/c

Study lla Ems A=(25)¢
normalized emittance: ¢ /e, mmlbad 4.8 30
longitudinal emittance: ¢, mm 27 150

(¢, =0,,0,/mc)

momentum spread: g, 0.07 +0.17

bunch length: g, mm 176 +442




Acceleration - Beam Parameters

Study lla

Final energy GeV 5
Number of bunches per pulse 89
Number of particles per per pulse 303012
Bunch/accelerating frequency MHz 200/200
Average repetition rate Hz 15
Average beam power kW 144




Muon Acceleration Complex —

Four major schemes (103 Study lia]
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NFMCC R&D Program

Neutrino Factory and Muon Collider Collaboration program aimed
at developing theoretical and simulation tools and carrying out
component R&D unique to development of a neutrino factory and
a muon collider

—extensive experimental effort to verify component
performance and cost, and to validate simulation predictions,
Is major part of program

NFMCC includes 135 scientists/engineers from 37 institutions
—sponsoring Labs: BNL, FNAL, LBNL

Key experimental issues include demonstrating the technique of
muon ionization cooling (MICE) and demonstrating a target
technology capable of withstanding a multi-MW proton beam
(MERIT)



Present Activities

« Simulations
— feasibility studies of neutrino factory concepts

 leadership role in International Scoping Study of high-intensity
neutrino source

— studies of muon collider concepts, e.g., cooling rings
— code development in support of above studies (ICOOL)

« Component development
— LH, absorbers with thin (180 um) aluminum windows
— 201 MHz high-gradient NCRF cavities (operating in high B field)
« MUCOOL test area (MTA) constructed at Fermilab
— 201 MHz SCRF cavities for muon acceleration
— 20 m/s Hg jet target

« System tests
— MERIT (Mercury Intense Target experiment at CERN)
— MICE (Muon lonization Cooling Experiment at RAL)




Absorber Hardware

- LH, absorbgrs and windows being tested at
Fermilab




NCRF Cavity Hardware

« 201 MHz NC cavity fabricated by LBNL, Jlab, U.-
Miss . :

e To be tested at MTA




SCRF Hardware

« Developing 201 MHz SC cavity at Cornell (with
help from CERN)

—reached 11 MV/m in initial tests

—eXxhibits rrnarked Q slope that needs to be
e
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Mercury Jet Target

« Studied Hg-jet target with 24 GeV protons at AGS
—no magnetic field




MERIT Experiment (CERN nTOF11)
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Approved 4 April 2005, to run
in 2007.

Each beam pulse is a separate experiment.

~ 200 beamn pulses in total.

Free mercury jet target in 15T Solenoid magnet




Final PID:
TOF
Cherenkov
Calorimeter

Main challenges:

RF in magnetic field!
10 meas. of emittance
Safety issues

[ T *f. Cooling cell (~10%) Approved at RAL(UK)
B=5-45 cm, liquid H,, RF First beam: 04-2007
Funded in: UK,CH,JP,NL,US
Requests: Be,CH,It,JP,US

Single-l\ beam
~200 MeV/e

MUCOOL 201 MHz RF
cavity with beryllium windows

Some prototyping:

Liquid-hydrogen
Scintillating-fiber tracKer absorbers




Expected Status in 2010

MERIT experiment completed
— viable target scheme for 4 MW proton beam in hand

MICE experiment close to completion
— demonstration of muon ionization cooling being carried out

ISS completed

— optimized designh concept for neutrino factory developed by
international team

— follow-up “World Design Study” of neutrino factory (facility
engineering design) being completed [I ready for CDR

— end-to-end simulations of muon collider in progress

Component R&D on optimized neutrino factory designs well
advanced

— specialized component R&D for muon collider under way




Advanced X-ray Facilities




IR/THz: Rich Science (Nano-/Bio-), but no powerful light

source except for ILab/FEL

THE ELECTTROMAGNETIC SPECTRUM

electronics photonics
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Discovery of X-rays in

absorption
contrast

= m

S | PR PR RO

(ERREEL

Averape Brilliance [Fhoisee

1 {-:szl

Ji

o

SEEL

— Average brilliance of
~ X-ray sources

— FERE L oy

= 3-.-1. |: ExbiF 1. uisiizile
| acmdeation

(L R T o |
== 2l E:"u:r.:l'i-:" af
— trenchritres Bgheoourers
= T Anerati N
IE
=
S R O A O SO N 0 ()

Tk 19451 2000

Years




Nature’s time scales

U trafaost Sources

- Svhnechraotrans
and Science: :

Laser plasmas
AFEL's

X=ray saurces:

Acoustic phonons

SIS Vibrations {Cptical phonons)
Strings, Particle Chemistry and Biolagy
“asmalogy  Collisions Elactron dynamics

>
zepto attn Femto  pico mana  mwcres nuill)
100 10-e (G20 Q0w 1ge: 109e 10+ 10 10

Pulse duration (seconds)

Femtoseconds: The new dimension in nano-space




Two Directions towards “Brighter” X-ray Sources:

I —

|

ERL

Energy Recovering Linacs

Incoherent, bright, ultrashort (femtosecond)

v_rave with Hinlh Avarana Elhiiv and Dawar
VAN lu’q WWEGLER & llsll ' B A4 u”v | | 1A/ GATLINA 1§ \Y A A AY4]]

SASE - FELs

Self Amplified Spontaneous Emission — Free
Electron Laser
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Energz Reco very and its Potential

Photoinjec;i;l’""-: ;.,.l" i

First high current energy recovery
experiment at JLab FEL, 2000

RF Power Draw in Energy Recovery

16
14
512 -
» 10 kW average power =
* 2-6.5 microns g..m R
* 500 femtosecond pulses =
* 75 MHz rep rate E 8 | Measured No Energy Recove
o
JLab ERL-based E 6 Max Klystron Output
L
Free Electron Laser E 4 Measured w/ Energy
Recovery
1 MW class electron beam, (100 MeV x 10mA), 2
comparable to beam power in CEBAF accelerator (1 0
GeV x 1mA), but supported only by klystrons capable 0 1 2 3 4 5

of accelerating 10-100 kW electron beam. Current (mA)




Energy Recovery at 1 GeV — 1st CEBAF Experiment

Also ran successfully with

EEMEaY accaeleration
H\\A 26MeV . 256MeV Eini = 20 MeV
124
IR e e ———H y 5 : ; —_—
T
/ | . &
;’/ | Q56MeV deceleration qhHeMeV )
f "ﬁ
I
I'.
\ SEMaV 1056MaV arceleratuﬂn 556MMeV
HH-\-H- ________
N Dhasc c!c-laﬁ.a chicane
|E_:. 17 | | '|] l'|' —
i fista S S Beam Viewer

~Va
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100 & 1000 MeV

SLM @ 556 MeV
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ERL R&D for Electron-lon Colliders, Electron
Cooling of lon Beams and Bright Light Sources

Two complementary
and orthogonal

branches to complete Collaboration
the required ERL R&D.

JLab/Daresbury/Cornell

d.
[n]
"S L [n}
g 10¢ e -
5 Energy Recovery - .
% gh Energy Experiment at 2 " O
S 107 igh Current at P )
] JLab FEL/ERL et e
N L 3 - I= zlicing
High Current Path | © *
10 [ ' J E "
- " I I I
0.1 1 10 100 1000 =
Average Current [mA] e e

Accelerator R&D Issues
Creation, transport and acceleration of
extremely low-emittance, high-current beams
up and down the “energy cycle”




Cornell ERLE




5 GeV ERL - Avera

ge Flux

Average Flux (photons/sec/0.1%)
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5 GeV ERL — Average Btilliance
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5 GeV ERL - Coherent Flux
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Short Pulses at High Rep Rate
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Typical ERL Light Source Parameters

Beam Energy — 5 GeV

Fundamental frequency — 1300 MHz

Average beam current — normal mode — 100 mA (77 pc/bunch)
Average beam current — short pulse mode - > 1 mA (~ 1 nC/bunch)

Normalized transverse emittance at full energy — below 2 mm-
mrad rms in normal mode

Bunch length before compression - ~ 2 ps rms
Bunch length after compression - < 100 fs rms

Uncompressed AE/E ~ 2 x 104 rms




Cornell vision of ERL light source

To continue the long-standing tradition of pioneering
research in synchrotron radiation, Cornell University is
carefully looking into constructing a first ERL hard x-ray
light source.

But first...

—




Need for the ERL prototype

Issues include:
" CW injector: produce i,,, 2100 mA, q,,,.., ~ 80 pC @ 1300 MHz, £,

avg =

<1 mm mr, low halo with very good photo-cathode longevity.

" Maintain high Q and E___ in high current beam conditions.

" Extract HOM'’s with very high efficiency (P, ~ 10x previous ).

" Control BBU by improved HOM damping, parameterize i,

" How to operate with hi Q, (control microphonics & Lorentz detuning).

" Produce + meas. o, ~ 100 fs with g, ~ 0.3-0.4 nC (/,,, < 100 mA),

understand / control CSR, understand limits on simultaneous brilliance
and short pulses.

" Check, improve beam codes. Investigate multipass schemes.

Our conclusion: An ERL Prototype is needed to resolve outstanding
technology and accelerator physics issues before a large ERL is built




Cornell ERL Prototype
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Energy 100 MeV Injection Energy 5 — 15 MeV

Max Avg. Current 100 mA E..@Q, 20 MeV/m @ 10
Charge /bunch 1 —-400 pC Bunch Length  2-0.1 ps
Emittance (norm.)< 2 mm mr@77 pC




Cornell ERL Phase I: Injector

Injector Parameters:

Beam Energy Range

Max Average Beam Current

Max Bunch Rep. Rate @ 77 pC
Transverse Emittance, rms (norm.)
Bunch Length, rms

Energy Spread, rms

| il S q
5 —15* MeV
100 mA
1.3 GHz
< 1°um
2.1 ps
0.2 %

2 at reduced average current
b corresponds to 77 pC/bunch




Daresturi 4GLS




Conceptual layout of 4GLS
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Energy Recovery Linac Prototype (ERLP)
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ERLP Building Layout
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ERLP Parameters

2,

Electron Beam Parameters Goal
Energy (MeV) 30-50
Accelerator frequency (MHz) 1300
Charge per bunch (pC) >80
Average current (mA) >0.8
Peak Current (A) ~150
Beam Power (kW) ~30
Qutput Light Parameters Goal
Wavelength range (microns) 3-75
Bunch Length (FWHM psec) 0.1-few
Laser power / pulse (mJoules) 90
Laser power (kW) 0.9
Rep. Rate ( MHz) 10
Macropulse format Cw




Injection and Extraction Chicanes




JLab Wiggler




ERL-induced Phase Space Fluctuations

“Fluctuations” are inherent in the thermodynamic energy exchange between particles and
fields at sub-phase-space level demanding spatio-temporal and phase-space resolution to
resolve “graininess” at a level higher than low order moments of transverse and longitudinal u';
. . . 17 = = [LNTH H ” H H ”» H I‘I"I| | l‘ ;"‘l
distributions —» phase space “slicing,” “imaging” and synchronization” techniques .

Radiate e

< I Accel/Decel _ =

'3 4 E”;E ~

“Recycle”

GUN = "

- Room for “innovation” here




ERL-induced Phase Space Fluctuations

- Room for “innovation” here




Synergies for new science at FELs

n radiation

Laser exg FEL experiments ments

Accelerator Science & Particle Physics methodology




Schematic layout of a single pass FEL

laser
LINAC driven
SASE free-electron laser electron
| gun
I accelerating
A cavities
A @ undulator
experiment {b | y - ;
FEL radiation ¥ i ‘
dump o

msmm)p LCLS planned at SLAC (S-band, warm linac)
X-FEL planned at DESY (L-band, superconducting linac)
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ESASE: “nuts and bolts” '

Modulation  Acceleration  Bunchin
(1] [ 4 ) Ve Y I'a Y
o Wiggler i
a-beam Lhac i—'_ Linac Gillcang Undulator
=l - HEN - - - -
X-rays
E dulationinthe < /
.
hergy modu ation in the S- 2025 KA — _
W|?naler at ~ 4 GeV = o ~ 950 fs laser pulse
7.2 L 2, = | ‘A= 2 microns
5 .5 E S i |
&%k o o = T g B o T B I. . ], g
=7T.5 - 4 QO = - i o =0 R ot
= TR 2l
-0.4-0.2 0O 0.2 0.4 Z/)\
= L

Only one optical cycle is shown

-Laser peak power ~ 10 GW
‘Wiggler with ~ 10 periods

1) A. Zholents, PRST-AB, 8, 040701(2005).

Electron beam after bunching
at optical wavelength




Zoom-in on a single spike

in
P
Electron beam phase _, & =3 B=Av/o
space after bunching ST Y
SQ:'. e
: o
s =
= -, £ %
o > "
e So 7 N
8 Ly o Py g
o - LLI
1 | - ] o5 ] | .5 | _T 1 T C - !
z/Az, z/Az,

Peak current and énergy distribution within one micro-bunch
D Az, should be > slippage ~ 8 M A, =240 nm




Shaping x-ray pulse
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Peak power, P/P,

Peak current

Z /N,

The x-ray radiation output from the entire electron bunch

« Radiation from electrons interacted with laser dominate, thus
* Absolute synchronization to the pump laser source for ultra-

fast experiments with x-rays




The output x-ray radiation from a single micro-bunch

1
0.8
o 0.6
] ~250 as
A0.4
0.2
0 b= =1
300  -150 0 150 300

time, attosecond
« Each spike is nearly temporally coherent and Fourier transform limited
« Carrier phase for an x-ray wave is random from spike to spike
* Pulses less than 100 attoseconds may be possible with 800 nm laser




A schematic of the LCLS with ESASE’

14.1 GeV
2 Wiggler Linac-3 \l,

||-| |—\ undulator

DL2

mSLAC linac tunnd undulator hall

Lasr = New elements

1) A. Zholents, P. Emma, W. Fawley, Z. Huang, S. Reiche, G. Stupakov, Proc. FEL conference, FEL2004,
Trieste, Italy, p.582.




Peak current, emittance and

energy spread at the end of

the linac and before chicane
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Coherent synchrotron radiation in the chicane

Does not look bad at all !

A finite horizontal beam extend prevents the micro-
bunching until almost the very end of the chicane.
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Slice emittance after chicane at various locations along the e-beam
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X-ray radiation at LCLS

Average power vs z
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Potential of e-SASE

e  Shorter gain length = Larger emittance
. 100 [ ‘ ‘ ‘
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Summary of e-SASE

e-SASE offers:

1) Short gain length, high peak power, comparable average
power.

2) Easy tunability for a duration of x-ray pulse by laser pulse
shaping. Possibility for a solitary attosecond x-ray pulse.

3) Nearly temporally coherent and Fourier transform limited
radiation within the spike with random carrier phase between
spikes.

4) Absolute synchronization between laser pulse and x-ray
pulse.

5) Relaxing emittance requirement.

6) Shorter x-ray wavelengths.




Musings on
Light, Einstein and Tagore

st/SC-Oxford University Seminar-December 1, 2005



Einstein was fascinated
with Light!!




So was a Bengali poet: Rabindranath Tagore
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