Electron Laser interaction

System consists of

Relativistic electron beam
Magnetic field

Laser beam

Following section describes interaction of the
electron beam with either magnetic field,
laser beam or both

References:
Classical Electrodynamics, Jackson, Ch. 9, 12, 14,
Free Electron Lasers, C. H. Brau, Ch.1, 2

High energy free electron laser accelerator,E. D. Courant, C. Pellegrini, W.
R30, USPAS 2013

Zakowicz, Phys. Rev A 32(198E5V%l\§)urham ’



FIG. 1. Schematic view of IFEL accelerator.

Triveni Rao, USPAS 2013,
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Let us consider a system where relativistic electrons are
moving along a magnetic wiggler in the filed of a laser. Let
us further assume that the Poynting vector of the laser,
the electron propagation direction, and the wiggler axis
are parallel. The Lorentz equation of motion of the
electron, including the force of radiation reaction, ,can
be written as

Is the electric field of the laser,

& are the magnetic field associated with the laser and the wiggler
respectively,

and
Triveni Rao, USPAS 2013,
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For a transverse EM wave such as the laser beam,

Triveni Rao, USPAS 2013,
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For

the laser field is not extremely strong

the radiation loss (due to ) is small compared to the
electron energy

Conservation of canonical transverse momentum
dictates

Triveni Rao, USPAS 2013,
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The longitudinal component describes the change in the energy of
the electron and can be written as

Energy exchange between the electron and laser beam
Electron to laser : FEL

Laser to electron: IFEL

Triveni Rao, USPAS 2013,
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Assume rate of change of radiative loss Is zero:

Assume a helical wiggler and a circularly polarized laser or planar
wiggler with linearly polarized laser. One can calculate the
transverse velocity v; of the electron in the magnetic field and the
scalar product of vy and E,

Courtesy:
E. D. Courant, C. Pellegrini and W. Zakowicz, Phys Rev A 32 (1985) 2813
R. B. Palmer J. Appl. Phys. 43, (157#2n3R44} uspas 2013,
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where E, is the amplitude of the laser field, & is the angle between
the particle and the z axis, A is the wiggler period, A is the

wavelength of the laser and @ is the relative phase of the particle
In the helix to the electric field of the laser.

If the wiggler is designed such that

then,

Triveni Rao, USPAS 2013,
Durham
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Snap shot of electron trajectory and electric field of laser for FEL
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Spontaneous radiation in a wiggler
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EM field can be assumed to be negligible and the radiated
Intensity per unit solid angle per unit frequency can be
expressed as

Triveni Rao, USPAS 2013,
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Intensity Spectrum is given by

Line width iIs

Triveni Rao, USPAS 2013,
Durham



Example: LCLS X-Ray FEL

Gun
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P. Emma, R. Akre et al. Nature Photonics 4, 641 - 647 (2010)
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Table 1 | Design and typical measured parameters for both hard (8.3 keV) and soft (0.8-2.0 keV) X-rays. The ‘design’ and
‘hard’ values are shown only at 8.3 keV. Stability levels are measured over a few minutes.

Parameter Design Hard Soft Unit

Electrons
Charge per bunch 1 0.25 0.25 nC
Single bunch repetition rate 120 30 30 Hz
Final linac e energy 13.6 13.6 3.5-6.7 GeV
Slice’ emittance (injected) 12 0.4 0.4 mm
Final projected’ emittance 15 0.5-12 0.5-16 mm
Final peak current 3.4 25-35 0.5-35 kA
Timing stability (r.m.s.) 120 50 50 fs
Peak current stability (r.m.s.) 12 8-12 5-10

X-rays
FEL gain length 4.4 35 "5
Radiation wavelength 15 15 6-22
Photons per pulse 2.0 1.0-2.3 10-20
Energy in X-ray pulse 15 15-3.0 1-2.5
Peak X-ray power 10 15-40 3-35
Pulse length (FWHM) 200 70-100 70-500
Bandwidth (FWHM) 0.1 0.2-0.5 0.2-10
Peak brightness (estimated) 8 20 0.3
Wavelength stability (r.m.s.) 0.2 0.1 0.2
Power stability (r.m.s.) 20 5-12 3-10

*Brightness is photons per phase space volume, or photons s2! mm22 mrad2? per 0.1% spectral bandwidth.
*Slice’ refers to femtosecond-scale time slices and ‘projected’ to the full time-projected (that is, integrated) emittance of the bunch.

Triveni Rao, USPAS 2013,
Durham




—— Simulation
* Measured ' - 71.;1.5}\. S—

ye,, = 0.4um (slice)
lox=3.0kA
or/Ey=0.01% (slice)

-Iolo

—
O
_J..A_LAAL.—.L__L_L_A.A.AAAL_-.A—A_a_‘

S
N
—
v
=
o
Q
-
w
(S

—— —d
o o
~J o
bbb bbb ———

-1 -08 -06 -04 -0.2
x {mm)

60 80 100
Undulator magnetic length (m)

Triveni Rao, USPAS 2013,
Durham



~
o
=
S
>
bo
| .
)
&
O
)
R
S
a
N
©
—
)
x

(MD) Jemod yead pajewn}s]

® Measured X-ray pulse energy
% Estimated X-ray peak power

100 150 200 250 300 350
Electron FWHM bunch length (fs)

Triveni Rao, USPAS 2013,
Durham




Example of IFEL

Sapphire Circular
CO, Laser Guide, 2.8 mm ID

/ hv Diagn,
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Fast Excitation
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Courtesy: A. van Steenbergen et al. Phys Rev. Lett. 77 (1996), 2690
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TABLE I. Design parameters of the [FEL accelerator.
Electron beam

Injection energy (MeV) 40.0
Exit energy (MeV) 423 C O 2 | aser
Mean accelerator field (MV/m) 49
Current, nominal (mA) 5

N (bunch) 109 EHll mOde Stablllzed
e RO \vith in Rayleigh length

AE[E(le) -
rms emuttance (m rad) 7% 107" fro m entrance

Beam radms (mm) 03

— Wheeler — 2.8 mm ID, 0.6 m long
W I 2 . .

Section length (m) 0.6 Sapphll’e CII’CU|ar

waveguide

Period A, (cm) 289-3.14
Gap (mm) 4

B™* (T) 1.0-1.024
Beam oscillation a, ;, (mm) 0.16-0.19

Laser beam

Power W; (GW) 1

Wavelength A (um) 10.6

Maximum field E;, (MV/m)? 0.78 = 10°

Guade loss @ (m ') 0.05

Field attenuation (dB/section) 0.26

7. FWHM (ps) 200-300

Normal field A (m ™) 1.53 = 107

Beam waist rg(L, /2) (mm) 1.0

2y = (7WiZo)V2/Ro. Zo = 377 (1. and Ryl Sv2n MaonskzPAS 200
gude radius. Durhiarr




Evidence of Acceleration
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To sireak camera Fiﬁlﬂim
Phosphornous screen

Kurchatov undulator mumor with haols
El=ctron spacirometar

Courtesy: P. Musumeci et al., Proc. Of 2005 PAC P. 500
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Elcwonbem |
energy 14.5 MeV »20 MeV (150%) energy gain
charge 0.3 nC
emittance 5 mm-mrad »>70Mv/m gradient
pulse length (rms) G ps
Trms at focus 120 pm »>5% of particles trapped for

| COplaser | | acceleration
power 400 GW
wavelength 10.6 pm
pulse length (FWHM) 240 ps
spot size (1/e?) 240 pm
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Microbu nching Triveni\Rao, USPAS 2013,
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Energy modulation in wiggler

Energy Gain of the Electron Beam

Wig gfér Fropa ga}fon

W
~
W
8]
=
@
0
>
ju]
e
o
c
W
BE-

135 180 225 270 315 360
Beam-Laser Phase in degrees

http://www-scf.usc.edu/~kallos/Files/AAC04%20Presentation%20-
%20IFEL%20Buncher%20-%20T heivenistac Q/seie 2 auckt

Durham



Charge distribution after .
transit- left hand side I I D .
faster e catch up with
right hand side slower e

Free Sjpace Propiagatfon

.
T

w
S
w
0
N
Jug
00
P
o
o
0
c
w
5

.
T

4 | i
0 45 90 135 180 225 270
e i Rao, USPAS 201173, BeamrLaser Phase in degrees
Durharrn




Energy Gain of the Electron Beam

Further transport ]
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Before IFEL After IFEL

0
Initial Phase

After Chicane Expected Microbunching from IFEL/chicane buncher

= Analytic
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http://scitation.aip.org/getpdf/servlet/GetPDFServlet?filetype=pdf&id=APCPCS000737000001000342000001&idtype=cvips&prog=normal
http://scitation.aip.org/getpdf/servlet/GetPDFServlet?filetype=pdf&id=APCPCS000737000001000342000001&idtype=cvips&prog=normal

Applications of Micro-bunching

> Seeder for staged acceleration
o Staged IFEL, ICA, LW
> Seeder for FEL
o Normal FEL at fundamental wavelength
o High harmonic generation
> Source of short bunch length electrons
» Attosecond e beam generation
> Source of coherent radiation
o CTR, THZ (300 um)

Triveni Rao, USPAS 2013,
Durham
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Parameter Value

E-beam energy 43.6 MeV

E-beam intrinsic ensrgy spread ~0.04%

E-beam normalized emuittance 1.5 mm-
mrad

E-beam charge ~{.1 nC

E-beam pulse length ~3 ps

Laser wavelengih 10,6 pm

Laser pulse length -~ 180 ps

Laser pulse energy =51]

Triveni Rao, USPAS 2013,
Durham
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FEL SEEDER
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High Gain Harmonic Generator

Dispersion Section
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-

Seed Laser ., . HGHG FEL
A=106 pgm AN ' e AN A=5.3pm

Ppk= 0.5 MW | . Ppk= 35 MW
Radiator Section

Modulator Section
B,=016T Ly=8cm L=0.76 m By=047T ’w=33cmL=2m

Courtesy: L. H. YU et al. Science 289, (2000) 932 , .
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Source of radiation and use of radiation for
electron diagnostics

Slice emittance, longitudinal distribution of short (100 fs) electron
bunch can not be measured by standard techniques—-> generate
optical replica of the electron beam

preoed wl A tor radiator

electrons chicane

i replica

elect ron €I Py density cohere mt
b i Bt Wi pbded 1l a tidein radiatiomn

distributien
o) oomuuglffp coonnanlfff sooomonnf]|{s

Use standard optical technique to measure beam parameters

Courtesy: E. Saldin et al. Proc. Of {204ni @40 <3S 2013,
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Attosecond electron beam generation

TABLE I. Experimental parameters for attosecond bunch train production. All widths are given as

FWHM.

Parameter Value
Electron energy 60 MeV
Electron energy spread 30 keV (typical)
Electron energy jitter 6 keV
Electron pulse length 0.8 ps® (typical)
Electron timing jitter <0.2 ps?
Electron spot size 100 pm (nominal)
Electron transverse jitter (x and y) 25 pm
Bunch charge | pC (nominal)
Laser wavelength 783 nm
Laser energy (.65 ml/pulse
Laser pulse length (L35 p=
Laser spot size 200 pm
Undulator period 1.8 cm
Mumber of periods 3
Undulator strength (e, ) 0.46
Chicane Rq 0.04—0.16 mm

-FriverRe e S PASZEES
Durham
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IFEL Cherenkov cell
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Linear Thomson scattering: Laser counter
propagating to e beam

Assume the system to be the electrons moving in the EM field
of the laser. The transverse field of the laser is equivalent to
the wiggler with wiggler period equal to the periodicity of the
laser (is the length of the one period of the wiggler). Since the
laser and the electron beam are counter propagating, the
wavelength of the scattered radiation in the forward direction
(direction of motion of the electron) is now modified to

Triveni Rao, USPAS 2013,
Durham



The power radiated by a single electron interacting
with the laser beam is

IS the initial energy of the electron in units of its rest mass
IS the classical electron radius = 2.82*10-9 ym

IS the spot size of the laser beam

IS the normalized peak amplitude of the vector potential

and is analogous to the wiggler strength parameter

_ Triveni Rao, USPAS 2013,
Courtesy: P. Sprangle, A. Ting, E. Esareypardf\. Fisher, J. Appl. Phys. 72, 5032 (1992).



The total radiated power in practical unit can be given as

Is the laser pulse length,
IS the Rayleigh length of the incident laser,

IS the electron beam current in Amperes,

IS the electron energy in MeV

IS the laser power in GW

Triveni Rao, USPAS 2013,
Durham



This radiation is emitted in a cone angle

The contribution to the spectral width of the radiation
comes from three sources: the finite number of wiggler
period , emittance of the electron beam
and the energy spread of the electron beam

The total width can be written as

Triveni Rao, USPAS 2013,
Durham
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0.6 GW, 180 ps
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Nonlinear Thomson Scattering

When the strength of the laser field is large, nonlinear effects can
be seen.

Laser strength parameter a, Is defined as

a, eA,/m,Cc?

= 0.85*10-%*A(um)*VI,(W/cm2)

a, << l:Linear Thomson scattering: radiation at
fundamental frequency

a,=1, Nonlinear Thomson scattering: radiation at
harmonic frequencies

Triveni Rao, USPAS 2013,
Durham
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FIG. 2 (color). Simulated energy spectra of Thomson X rays.
Solid lines: (black line) at the interaction point; (red line) on the
detector after attenuation in the Be window and air; (blue line)
filtered by a 10 wm Ag foil. Dashed lines show combined
spectral transmission of the Be window with air (red line) and
Ag foil (blue line). A green line shows the high-energy edge
(6.5 keV) for the linear Vimmaony spatiezing,




(a)

FIG. 3 (color). X-ray images observed on a luminescent
screen: (a) without the Ag foil, and (b) with the 10 um Ag
foil filter.

Triveni Rao, USPAS 2013,
Durham



Linear Thomson Scattering: Laser propagating
transverse to e Beam

Similar to counter propagating, but
»Wavelength of the emitted radiation is %
»Number of interacting electrons and photons is low
 Low signal- may be as low as 103 per interaction
*Need very high power laser
*Need large electron density

*Highly optimized laser transport

Triveni Rao, USPAS 2013,
Courtesy: http://www.slac.stanford.edu/cg[i)-‘%n%{B/getdoc/slac-pub-8057.pdf



Laser Beam intensity:

Let the laser beam with Gaussian profile propagate along z. The
Intensity at (X, Y, z) IS

Triveni Rao, USPAS 2013,
Durham



Electron Beam Intensity

In the same coordinate system, the intensity of electron beam with
a Gaussian dsitribution can be written as

l, o IS @ constant, (X, Y, Z,) Is the center of the electron beam and
o,, 0,, and o, Its size along X,y,and z respectively

Total electron beam intensity is

_ : Nigﬂlas Delerue, University of Oxford
d{j‘(ﬁ@b@% ' 2is Aldcolas .delerue. org
b fp: / fuwa-pnp .physics.ox.ac.uk/ delerue/
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Laser Requirements:

. sigmax | sigmay Required
Machine - S ) :
microns | microns | Wavelength: microns

TESLA (Diagnostic section 250GeV)

NLC 500GeV m 0.22 um

»Wavelength:  Significantly smaller than the e spot size
Minimum laser spot size set by diffraction limit
»Power: Tens of MW
Efficiency ~10-3
»Laser transport: Spot size diffraction limit
Rayleigh length > other transverse dimension

»Damage threshold ™" g oo A 208



Typical Issue

e The laser beam has a diameter
of several millimeters.

* We want a wire size of only a
[few ] micrometers

* The laser light must be
focused by wide aperture lens.

¢ No commercial lens seems to
suits our needs
=> Custom design

Courtesy Nicolas Delerue, I_It]ix@t@%?"fﬁé IRERWSPAS 2013,

http:/fwww-pnp. physics,ox. ac.uk/~de ke TEINL




Goal: concentrate as much energy as possible in the smallest
possible radius (gives the best performance).

As the laser beam will be scanned across the lens, the size of the
spot must remain constant over the scanning range.

As the lens will be used with a high power laser, it must have no

first order ghosts and as few second order ghosts as possible.

To facilitate the alignment of the lens, aberrations must be kept as
low as possible.

Effect of a tilt of one element of the lens with respect to the others
must be studied carefully

Triveni Rao, USPAS 2013,
Durham




Laser Wire for e beam diagnostics
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Triveni Rao, USPAS 2013,

Courtesy: http://www.hep.ph.rhul.ac.uk/~k%1rrrr1'6ré1llbbdlwelcome.htmI#ScientificCase
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Triveni Rao, USPAS 2013,
Durham

Courtesy: P. Tenenbaum, T. Shintake, SLAC Pub 8057
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A + Be-(X-C)?/(2D%)

- +
CHISQ/NDF = 610 A=-119 - 018
B=656. Y- 087
C= 49010 */-1.710°
| D=1.14 t-1.810°

Micrometers
Signal from Laser wire. A= 350 nm, spot size 1um, powerl0 MW

Triveni Rao, USPAS 2013,
Durham



