
Brookhaven Science Associates
U.S. Department of Energy

10 Femto-seconds Kilo-ampere 
Electron Beam Generation

X.J. Wang and X.Y. Chang

National Synchrotron Light Source, Brookhaven National Laboratory
Upton, NY 11973, USA

•Introduction:issues in fs beam generations.

•6-D beam quality optimization in photoinjector -
Longitudinal Emittance Compensation.

•Three steps electron bunch compression 

1. RF gun – quarter wave buncher and Energy chirp (10 ps).

2. Drift space – velocity bunching (ps)

3. Off crest acceleration – femto-second velocity bunching.

•Initial experimental results: old and new
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Temporal and Spatial Scales

H2O→OH + H

CH2I2→CH2I + I

Time in femtoseconds, distance in Å
fskT 100/ ≈≈ hτ

from LCLS scientific cases 
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Space charge effectSpace charge effect
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Energy is the most effective reduce space charge 
effect, asymmetry in transverse and longitudinal 
space charge effect must be kept in mind all  time.
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Transverse Emittance and Energy Spread 
Effect on the Short Bunch Production

Transverse Emittance and Energy Spread 
Effect on the Short Bunch Production

To generate and preserve the femto-second 
electron bunch, trnasverse emittance and 
energy spread are  important:
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Transverse EmittanceTransverse Emittance

Are all emittance uncorrelated?

K-J.’s theory:

Emittnace growth (Rieser):

scrfther εεεε ++=

)(
sin

11
4 0

A
I
I

k x
A

sc
nx µ

φα
πε =

2/1

0
2

0515

~
1












+=

w
UxNr

in

c

ni

nf

εγε
ε



FEL 2002, ANL, Chicago

The Advanced FEL Photoinjector Operates at 20 
MV/m Gradient and 200 mA Average Current

1300 MHz
Eb = 15-20 MeV
Imacro = 100-400 mA
Q = 1-4 nC
εrms = 1.6 mm-mrad
∆γ/γ = 0.2%
Injection φ = 30o

Solenoid = 300A
Bucking Sol. = 310A

(D. Nguyen’s talk at  BNL 
PERL workshop, Jan 2001)
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Emittance Optimization at the BNL ATF
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Thermal EmittanceThermal Emittance
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Electrons are emitted with a kinetic energy Ek

laser spot assumed uniform
with radius r

AG EE +Φ=∆ or , 
RFRFRFk EhE θβαν sin+∆−=
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Example of measurement for Cu-cathode (Courtesy of W. Graves)

Nonlinear fit gives βrf=3.1+/-0.5, 
Φcu=4.73+/-0.04 eV, and Ek=0.40 eVLinear fit gives Ek=0.43 eV

Ph. Piot, DESYICFA/BD Sardinia July 2002
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Angle-Resolved Photoemission Spectroscopy

Detector

Electron Analyzer

hν

e-θ

Z

X

Y
φ

Ekin ; K||

kF
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Energy Conservation
EB= hν − Ekin − Φ

Momentum Conservation
K|| = k||+ G||

Z.X. Shen of SSRL
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Femto-seconds Electron Beam 
Production

Femto-seconds Electron Beam 
Production

Femto-seconds pulse train 
using IFEL and SASE FEL.
Single pulse femto-second 
pulse production:

A) Direction Generation –
Photoinjector, DC Pulse gun, 
plasma accelerators.

B) Magnetic Compressor –
chicane and undulator.

500 kV SCSS electron Gun

DC gun (500 keV, 10 MV/m) to RF gun (5 MeV, 100 MV/m) lead to 
pulse length from ns to ps, peak current from several Ampere to 
≈100 A.  Does present technology  allows us to produce kilo-ampere, 
femto-second electron beam directly?
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HV pulser
2.5 MV , 1 ns

Cu photocathode

Microbunch
Goal:100 pC, 100 fs,
10 MeV

3 GHz, 100 MV/m 
cavity Laser pulse

50 fs, 100 µJ,
260 nm

Coaxial incoupling
10 MW RF

TUE-Pulser
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∆Θ = 1°
ε t=0.06 π mm mrad

S.-Y. Chen et al., Phys. of 
Plasmas, 7, 403 (2000). 

Lanex film
a0 = 3.0
τ = 400 fs
100 MeV/mm
1010 e-/shot
D. Umstadter et al., Science
273, 472 (1996).

19 2
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A Plasma Electron-gun
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LIPA injector for laser based accelerators
Intensity(x,y,z = 0)
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Electron spectra from LIPA injector

CPA
Laser Accelerated

electron beam

Delay
stage

Acceleration
region

LIPA
region

LIPA injected electron accelerator

C.I. Moore, et al, PRL, 82, 1688 (1999)

• LIPA -- Laser Ionization and Ponderomotive 
Acceleration. 

• Tightly bound electrons ionize at high laser intensities 
and acquire large ponderomotive energy.

• LIPA electrons are synchronized for precise injection 
in laser driven accelerators.

• Energy dependent ejection angles of LIPA electrons 
allow energy selection.

• LIPA electron pulse is shorter than the ionizing laser 
pulse.

• Experiment demonstrated >107 electrons at 500 keV.
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Traveling wave linac as a 
Buncher

Traveling wave linac as a 
Buncher

head

tail



FEL 2002, ANL, Chicago

Photocathode RF Gun Injector SystemPhotocathode RF Gun Injector System

1. RF Gun.
2. Driving Laser system.
3. Solenoid Magnet.
4. Beam diagnostics.
5. RF gun Operating principle.
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Longitudinal Emittance CompensationLongitudinal Emittance Compensation
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•Space charge.

•Emittance.
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Longitudinal EmittanceLongitudinal Emittance
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ATF Accelerator System

Screen monitor

Bending 
magnet

H-line
F-line

Acc. StructureAcc. Structure
(Off-phase 

acceleration)

Klystron

Amp.

Low level
phase shifter

Mechanical 
phase shifter

3dB
coupler

RF-gun

Solenoid
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10 fs kilo-Ampere
Electron beam generation

10 fs kilo-Ampere
Electron beam generation

20pc,100Mv/m,drift=3.05,12.0degree,8ps,R=
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10 fs Kilo-Ampere Electron Beam
Phase Space distribution

10 fs Kilo-Ampere Electron Beam
Phase Space distribution

20 pC 200 pC
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Electron Beam Properties as function 
of the Charge

Electron Beam Properties as function 
of the Charge
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M re c y 1 ps

1 %
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20 pC 100 pC

50 pC 150 pC
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Bunch length as RF gun phase and charge
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DUV-FEL Facility

1.6 cell gun 
with copper 

cathode

75 MeV

Bend

50 m

5 MeV

Bend

DumpDump

Coherent IR
diagnostics

Time domain
diagnostics

Undulators Linac tanks

210 MeV

Bunch compressor
with post accel.

30 mJ, 100 fs
Ti:Sapphire laser

NISUS 10m
undulator
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SummarySummary

We have shown that, by taking 
advantage of the longitudinal 
emittance compensation, it is 
possible to produce 10 fs Kilo-
Ampere electron beam with 
emittance less than 1 mm-mrad.
Preliminary experimental results are 
very promising, 200 MeV linac at the 
Brookhaven DUV-FEL and associated 
diagnostic tool will be a perfect fit 
with additional solenoid magnet.
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