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Introduction

INTERNATIONAL
YEAR OF LIGHT

207%: INTERNATIDI\“I\AVL YEAR OF LIGHT

Space image shows where visible light is made on Earth. For aliens with X-ray vision, only a few red dots are visible.

X-rays are a form of electromagnetic waves in the 300 eV — 30 keV energy range.

X-ray tubes produce broadband Bremsstrahlung (and a few atomic lines) when electrons
are decelerated in a metal target.

Wavelength
Energy-wavelength relation 1pm 100 nm 10nm 1nm 01 nrn = 1A

a a * Cuk,

0 ley | 1240 IR vy : S0

vev]= 2240 | | ;
l[nm] uv: Extreme Ultraviolet ; Hard X-rays

i islliL (?K CI)K isliK Cuk

1eV ' 10 eV iODeV 1 ke\} 10 keV

Photon energy

ﬁ H . .
. fo?, Alamos Graphics courtesy of 2015 International Year of Light,
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X-ray Source Overview

36
10 LN L I T R L) LG

 X-ray Tubes
— X-ray tubes emit Bremsstrahlung and characteristic peaks
— Bremsstrahlung is broadband, low-brilliance X-rays 10°°
— Characteristic peaks are narrow-line atomic transitions

(O]
O
N . . = 24 rd :
« Synchrotron Radiation (3'9 Generation Light Sources) o L 3" Generation ' A ©
— Electrons in storage rings produce synchrotron radiation & %
— Bending magr?et. and wiggler radiation is_, broadband § 10'8 o™ Generetion Eﬁ
— Undulator radiation has narrow spectral lines o T — o
« X-ray Free-Electron Lasers (4" Generation Light Sources) 10" "
g . -ray tubes
— Resonance condition enables continuous energy exchange
— Electrons undergo energy modulation and microbunching 10° 1 B 2o
— Microbunched electrons emit coherent radiation 1850 1900 1950 2000 2050

— Linac-driven XFEL is tunable, monochromatic and ultrafast (fs) Ealsndar Vear

* Other Techniques
— Energy Recovery Linac (ERL) produces partially coherent undulator radiation
— Inverse Compton Scattering produce incoherent gamma rays

A — X-rays can be produced by electrons from laser-wakefield accelerators

- Los Alamos
D.C. Nguyen, Accelerator-driven X-ray Sources 4
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Storage Rings

‘ J ‘ Each storage ring can provide X-rays
. = L "ﬁ to many experimental user stations

€ = \‘ Electrons are produced in the
linac, injected and accelerated

= Linac ‘ ‘ S in the booster ring and stored
"' “ in the main storage ring.

. BENDING
MAGNET

Electrons going around bending
magnets emit broadband synchrotron
radiation from IR to X-rays. cocs B
MAGNETS
A wiggler can be treated as a series of bending

magnets. Wiggler radiation has higher flux and at STORAGE RING /

higher energy than bending magnet radiation.

k'\’ N g
UNDULATOR

Electrons traversing an undulator
emit X-rays at discrete energies.

- Los Alamos :
NATIONAL LABORATORY GprhICS courtesy OfNSLS-I/ (BNL) and ESRF D.C. Nguyen, Accelerator-driven X-ray Sources 5




Review of Special Relativity

The relativistic Lorentz factor, y is the total electron beam energy (kinetic energy + rest energy)
divided by electron rest mass energy (meC2 =0.511 MeV). The more common equation for ¥ in
term of B, the electron’s relative velocity to the speed of light ¢, is also given below

2
_E,+mc 1

v
V= mec2 /4 /71—,32 where IB = E

In many light sources, the energy of electron beams used to make X-rays are GeV-ish, much
higher than the electron rest mass energy. Thus, ¥ can be approximated as

Eb
m.c’

y~ —1957E, [GeV ]

1

It is straightforward to find S from » by rearranging the expression for y2 to obtain ,82 =1- —

then approximate the square root of ° =1-— knowing — <<1. Y

1
o P
p 2,7

/2, For 1-GeV electron beam, y ~ 1957 and £ = 0.9999997
- Los Alamos
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Relativistic Length Contraction

Frame of reference Lab frame Y,

»
B
>

Beam rest frame ﬂc

It is often convenient to change our frame of
reference from the Lab frame to the beam rest /X X’
frame, shown here traveling to the right with

respect to the Lab frame at speed v = fiC ;

Length contraction 1

u Lab frame

In the Lab frame, the length of an electron

bunch appears short and the undulator, o,
being at rest, has the longest length. G_‘ﬂ
GZ ~ Cat Electron bunch

In the beam rest frame, the electron bunch is the
longest while the undulator period and length are
contracted by the Lorentz relativistic factor y

o,
RS
4_
ﬂ’u

4 _ 1
z 7/ O-Z ﬂ« - Electron bunch

Beam rest frame

O

» Los Alamos
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Relativistic Doppler Shift

Consider a source of radiation with frequency w; in its rest frame. The source is moving
toward an observer at angle ¢ with respect to the direction of observation. The observed
frequency w, differs from the source frequency w, due to relativistic Doppler effects.

Relativistic Doppler frequency up-shift

P, ¢ = 0° (source moving toward observer)
1

Dy = S - _
y(1— B cosg) (- p) Y W, = 2y 2

A=
2y

For a beam of undulating electrons traveling at relativistic velocities toward the observer, the
radiation frequency is upshifted by 2 and the radiation cone narrows to an angle of 1/y

Radiation opening half-angle ~ 1/y

pj Beam rest frame Lab frame
» Los Alamos
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Accelerated electrons radiate

electromagnetic waves

Radio waves are produced when electrons are accelerated up and down an antenna

From www.antenna-theory.com

Power radiated per unit solid angle for non-relativistic

electrons in circular orbits (a is perpendicular to v) Larmor formula (cgs units)

2 =2 2 2 9
dP _ € sin ((9)8. Integrated over 6, ¢ P— 2e‘a
> —

dQ 4ac C 3 ¢
Relativistic generalization to the above equation increases the Liénard formula
radiated power by a factor of y*. Because of the y* dependence, >
the power radiated by multi-GeV electrons is very high. This P E €C 4
radiated power loss has to be replenished by klystron-driven RF - 3 ,02 7
accelerator cavities to maintain the same electron beam energy.

ya p is the orbit radius
.y
- Los Alamos

NATIONAL LABORATORY D.C. Nguyen, Accelerator-driven X-ray Sources 9
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Synchrotron Radiation Overview

Bending magnet radiation Wiggler radiation Undulator radiation
i -7 o~ 1
1 y | 0>— | /4
0>— ol |
/4 . Y
Broadband spectra Broadband spectra Narrow spectral peaks
Large angular distribution Smaller angular distribution Highly collimated
Low spectral brightness Higher spectral brightness Highest spectral brightness

| .
»

Brightness
[ph/s/mm2/mr2/0.1%bw]

Flux [ph/s/0.1%bw]|
Flux [ph/s/0.1%bw]

l

pj ‘ ho ho fico
» Los Alamos

NATIONAL LABORATORY D.C. Nguyen, Accelerator-driven X-ray Sources 10
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Four Generations of Light Sources

e 1%t Generation Light Sources (storage rings)
— Designed to accelerate electrons
— SR first detected in GE 70-MeV synchrotron in 1947

« 2" Generation Light Sources (storage rings)
— Dedicated sources of synchrotron radiation
— SPEAR2 became a dedicated light source in 1990

» 3rd Generation Light Sources (storage rings)
— Low-emittance electron beams for high brightness
— Straight sections to accommodate wigglers/undulators
— Argonne Photon Source saw first light in 1995

» 4% Generation Light Sources (linac)
— Coherent X-ray generation (N? radiation process)

— Ultrafast (sub-ps to fs) X-ray pulses
— Brilliance ten orders of magnitude higher than 3GLS
— Linac Coherent Light Source at SLAC became the world’s first hard X-ray FEL in 2008

» Los Alamos

NATIONAL LABORATORY D.C. Nguyen, Accelerator-driven X-ray Sources 11
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Bending Magnet Radiation 1

Lorentz-Transformation

N

MOViﬂg frame Lab frame
of electron

Rending
Magnhet

aq
C%’a/ ’
0,
)

|
2y | |

oo

Vertical opening half-angle ¥ is 1/y

detector
1 mec® - (Y2 Horizontal opening angle is large. The
v B G collection optics often limit the

horizontal angle to ~1 mrad.
Example: 7 GeV electron beam

11 23 urad Radiation is linearly polarized in the
V= ; 13700 Hra orbital plane, and becomes elliptically
polarized above/below orbital plane.

P
) . . Y ,
.'Los Alamos Graphics from DESY and Mobilio & Balerna, “Introduction

NATIONAL LASORATORY  tg main properties of synchrotron radiation.” D.C. Nguyen, Accelerator-driven X-ray Sources 12




Bending Magnet Radiation 2

As a single electron traverses an arc within

the detector’s view with angle 26 Bending magnet radiation is often spectrally

- . }}, filtered to provide monochromatic radiation.

Photon Photon P ‘l' Ry
flux flux # \

£ Bend radius :

L5

fim i

202
/4

the detector measures an impulse of light

with radiation time through the arc given by Plane VLS
ane

gratings

The Fourier transform of a short, finite radiation SO Fixed
impulse is a broad spectrum up to a drop-off Monochromator Z’I‘i't‘
frequency called the critical frequency, @, = 1/5[

A

- Los Alamos , _
NATIONAL LABORATORY Courtesy of David Attwood. D.C. Nguyen, Accelerator-driven X-ray Sources 13




Bending Magnet Radiation

Critical photon energy

Critical photon energy Photon flux of 1, 3, 8-GeV beam, B=0.5T I=1A

2 17
& =hw, =h§eB°7/ o
m

e

1.x10"®

Critical photon energy in practical units

¢,[keV |=0.665B, [T |EZ[GeV ]

1.x10"

Photon flux, dN,/dé (photons/s/rad)

1.x10™ ¢
Photon flux per unit angle (ph/s/mrad) oot o1 1 1 o0
Photon energy, #iw(keV)
dN Ao [ o
P~ 4%10% E, [GeV ]l [A] S Critical energy for B=0.5T (keV)
déo 0 |\,
\
\ 1 0.33
Universal function 3 3
8 21.3
ﬁj _
JL Plot from Wolski and Newton, USPAS June 2013.

AAAAAAAAAAAAAAAAAA D.C. Nguyen, Accelerator-driven X-ray Sources 14
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Bending Magnet Radiation

Photon flux and universal function

Total photon flux, Nph = # of photons/s Universal function S(ow/®,)

d 1.333 €1 s
13 S(ow) : =

By convention, only the photons within a
bandwidth of 0.1% of the central
frequency and within an acceptance angle
of 1 mrad are used to compare the flux of 103

different synchrotron radiation sources.

7

[0.777 &2 /e8 |

Spectral flux (ph/s/0.1% bandwidth)

dN
F (a))z i
10 10~ 10 10~ L E=wa,
Spectral flux per @ (ph/s/mrad/0.1% BW) o/ ®,

dFs (a)) 12 < Universal function relates the spectral flux to ratio
—— 2 =4x10 Eb [GeV ]| [A]S — of radiation frequency over the critical frequency.
do &¢ Universal function is independent of beam energy.

pj Plot from H. Wiedemann, “Particle Accelerator Physics Il” Springer.
- Los Alamos
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Synchrotron Radiation

Brilliance and emittance

Brilliance is defined as the number of photons per second per 0.1% bandwidth per unit
solid angle per unit area. Brilliance is conserved for lossless systems.

Brilliance (ph/s/(mm-mrad)?/0.1% BW) F. (@) = spectral flux in ph/s/0.1%

o, , = rms source size in x and
B F (a)) K (a)) Xy Y
B 2 - 2 o, = rms divergence angle in x and y
dr‘o0.0,0, Arnee, Xy

Exly = geometric emittance In x and Yy

The product of source size and divergence angle is the geometric emittance (in unit of
mm-mrad), a measure of how small the electron beam can be focused to (o, , 5;) and
how collimated it is (0., 7). At the beam waist, the geometric emittance is given by

E, = 0,0, E,=0,0

X X X y y=y'

A
° Ijojs Alamos
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Brilliance Comparison

20

10 g T |'|\|I|I T |‘||\l" T IIIIlI" T T |F"\|I§ ]020 T T T T v T T YT T T YT
- ALSUS.0 l‘;": ;un?l 1 u18
N, ; uie ;
1013;_ ,\“‘\1:::‘7 ""-". ‘.-;’., ”"-,1‘ _; 1019 'E- -E'
q - A uso i z i 3
- - - )
z = oL Laoo Undulators 2
=~ F = E
o o ~ r
E 10"°F as E E
E E Bending Magnet =
[ ~ 17
T\ g 107
- F APS / E
E " E Bending Magnet 5,: W40
W 10 T NSLS E 2 0'®
E - Bending Magnet g 1 3 3
: 3 ) E i; Bending Magnet
4] [ . 2 15
E 1012 ! SSRLBending Magnet . g 10" L Superconducting .
= E ) Wavelength Shifter
T ; z
o 3 E
o : ] 10" |
'i F Molybdenum K-
10 | =
g L Copper K 3
g E | 1013 :_l A A s s iasal " A s sasal A A s s ssasl i A A4l
i 001 0.1 1 10 100
10° - U y Photon energy (keV)
E Bramgstrahlung
3 °°"""m/\ Brilliance of undulator radiation is more than
Y IR ST ERY AN W 10 orders of magnitude higher than the
2 A 0 1 2 -
10 B 10 E 10 brilliance of X-ray tube Bremsstrahlung.
/\ Photon Energy (keV)
) . .
- Los Alamos Graphics courtesy of Tsui Group _
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Beam Emittance in Rings

SR community unit = nm-rad (geometric) and mm-mrad (normalized)
FEL community unit = nm (geometric) and um (normalized)

Normalized emittance is ¥ times the geometric emittance

Example: typical geometric emittance at ALS

g, =2nm-rad

gy z O . O4n m - rad 20 40 80 80 100 120 140 160 180 200

Electron momenta in all three directions are reduced as the electrons emit X-rays that carry
away the photon momentum. As the longitudinal momentum p, is restored with acceleration,
the x and y emittances (ratios of p, and p, to p,) are reduced (radiation damping).

Radiation damping is counteracted by the quantum excitation due to random changes in the
electron orbit around the ring. The equilibrium emittance in x is larger than the emittance in y.

emitted

photon
on-energy closed orbit

/ \ off-energy closed orbit

particle
bending trajectory
magnet

A
° ch?s. Alamos

NATIONAL LABORATORY D.C. Nguyen, Accelerator-driven X-ray Sources 18
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Insertion Devices

Plane-polarized wiggler/undulator Elliptically-polarizing undulator

permanent
magnet

P i P il i /7 iron pole shoe

X L 1 Y R 5 IR O A Radiation is linearly
z — < ‘ - polarized y

electron beam

&

Bx

Radiation is
elliptically
. L. . . . polarized
An elliptically-polarizing undulator design
O e e = : : (b)
= (<] = = (<) = =. l"a’
--------- | £
S —"— — = e e —— — — — — — — —— — — — — —— pe Y w—— c— —_—————— B e_
T~ & > o T = o /~7= irrvl’

- Los Alam . .
05 Alamos Graphics courtesy of David Attwood D.C. Nguyen, Accelerator-driven X-ray Sources 19
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Electron Motion in a

Wiggler/Undulator

Magnetic field B, =-B sin(ku Z) x K

Force ymei) =—evxB z

Acceleration . ecC K is a measure of the angle the electrons
d, = X= By make relative to 1/y as it crosses the z axis

Transverse velocity Dimensionless undulator parameter K

b, = gmefk cos(k, ) __¢B,
N m,ck,
Transverse motion /
X = —sin(kuz) In practical units, K is given by
K.y K =0.9344, [cm]B, [T]

°
AAAAAAAAAAAAAAAAAA D.C. Nguyen, Accelerator-driven X-ray Sources 20
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Wiggler Radiation

Radiation from a multi-pole wiggler with
N,, periods adds up incoherently to give
2N,, times the bending magnet radiation.

K> 4

Spectral flux per @ (ph/s/mrad/0.1% BW)

9Fs _gx10°N, E, [Gev]i[Als| 2~ |
do =

C

@ 104 :

=) Wiggler
Total wiggler power S _ ~ Radiation

2 2 S E @ 103

P[kW]=0.633E2[GeV |I[A]BZ[TIL[m] 25 A

= 3 0 102 i

2 .=
Wiggler magnetic fields are higher than the %3,; © "
fields of bending magnets, so the critical =22 £ 1oL Bending
photon energy is shifted to higher energy. =2 2 RMgQTI?t
Superconducting wavelength shifters can E adiation
achieve photon energies above 100 keV. o 1 1'0 162 103l 10
Photon energy (relative units)

- Los Alam . .
NA‘T?&AELSTL%RA%% Graphics courtesy of Balerna & Mobilio D.C. Nguyen, Accelerator-driven X-ray Sources 21




Undulator Radiation

Wavelength of the nt" harmonic

Undulator radiation spectral flux (ph/s/0.1% BW)
14
S (I’], K ) =1.43x10"N u | [A]Qn (K ) Interference of the electric fields from 2N,

radiation cones gives rise to narrowing of

_ * fundamental cone angle H— 1
Harmonics are enhanced at large K o _—\/W
1 * spectral distribution JAVAA
0.9 ~
0.8 n=1 has the highest flux 10l
0.7 () SinZ Nmu
_ 06 I (NTu)? >
S 05
ST 0.5l . _(_(Aa)j 1
03 | T
0.2 w ), nNu
0.1 1
0 D e TN TN -
pa 0 0 Mg w

- Los Alamos . -
NATIONAL LABORATOR: Graphics courtesy of Balerna & Mobilio D.C. Nguyen, Accelerator-driven X-ray Sources 22




Undulator Radiation Harmonics

Undulator radiation is polarized in the Fundamental  w Second harmonic 2w
horizontal direction for a plane-

polarized undulator. The vertical

opening angle is 1

W =
VAl Nu Third harmonic 3w Fourth harmonic 4w

The horizontal angle of the central
lobe(s) becomes narrower at the
higher harmonics.

0 — 1
n— n)/\/Ni GE+15
u
S SE+15 + All angles

Viewed along the axis, the odd harmonics have zj 415 1

both on- and off-axis lobes. The even harmonics § 3E+15 -

have off-axis lobes only. As the aperture size is = b5

reduced, the low-energy shoulder and the even 2 100 x 100 prad
harmonics are clipped off. b A A A A

0E+00 T
0 500 1000 1500 2000
ﬁ Photon energy (eV)

/— _ .
.'Los Alamos Graphics courtesy of Jim Clark, Daresbury Laboratory
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Undulator K and Tuning Curves

On-axis Brightness (ph/s/mrad?/0.1% BW)
~ds(n,K)
! dQ

=1.74x10" N2E2[GeV ]I [AJF, (K)

F.(K) of high harmonics peak at large K

1E+16
First harmonic 0.6
—_ 0.5
S 1E+15 0= ?
Ey Fa(K v
= . Fifth harmonic n( ) 0.3
S harmonic ’
0.1
1E+13 o . ' ’ . ' . .
0 2000 4000 6000 8000 ol
Photon energy (eV) K
The undulator tuning curves are obtained by opening/closing the undulator gap, thereby
decreasing/increasing the undulator K parameter. The left points of the tuning curves
correspond to maximum K (smallest gap) and the right correspond to minimum K (largest gap).
/W

- Los Alamos , .
NATIONAL LABORATORY GraphICS courtesy Of David Attwood D.C. Nguyen, Accelerator-driven X-ray Sources 24




Synchrotron Radiation Pulse Format

Synchrotron in multi-bunch mode
RF period (min. bunch spacing)

1
Electron bunches TRF e
O, fRF
Max. # of bunches in ring
Time
» N — CfRF
Accelerating voltage b C
Sl rms bunch length
Synchronous
Particle
o, = 0.01T
Fast
Peak / average flux (multi-bunch)
RF ph
Longitudinal dynamics cause phase T
electrons to form ps bunches Pk _ 'RF 102
with length ~1% of an RF period Fav o,

A
o Ifojs Alamos
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Major Synchrotron Radiation

Lawrence Berkeley National Lab

Nominal and max.
electron beam energy

Ring circumference
Current

Critical photon energy

Min. bunch spacing
Max. #bunches in ring

Bunch length, rms

Horizontal/vertical
emittance
/ 1
)
» Los Alamos

NATIONAL LABORATORY

EST.1943

_ ciIities in the US

S ;/f T .
at Argonne Photon Source (APS) at
Argonne National Lab

ALS APS
1.5 GeV 7 GeV
1.9 GeV 7.5 GeV
196.8 m 1,104 m
400 mA 100 mA

1.53 keV @ 1.5 GeV

2ns
328

15 - 40 ps

2.0 nm 0.04 nm

19.5keV @ 7 GeV

2.84 ns
1296

~22 ps

3.1 nm 0.001 nm

2 &5
National Synchrotron Light Source |l
(NSLS-11) at Brookhaven National Lab

NSLS-II

3 GeV

791.5m
500 mA

2.4keV @ 3 GeV

2ns
1320

10 ps

0.9 nm 0.008 nm

D.C. Nguyen, Accelerator-driven X-ray Sources



Linac-driven X-ray FEL

Linac-driven XFEL are single-pass devices driven by high-energy (~10 GeV),
Electron Injector very low emittance electron beams with femtosecond bunch lengths.

RF Linac

Bunch Compressor

SASE FEL achieves high gain and saturation

Electrons are generated in long
in a long undulator without X-ray mirrors

bunches with low emittance

Undulator
Electrons are compressed to
produce short bunches and
high peak current for high gain

FEL Beam

Most X-ray FELs operate in Self-Amplified Spontaneous Emission (SASE)

150

Beam Dump

-
[=]
[=]

P [GW]
dEi @ [mdi%]

h
[=]

0 30 100 150 200 250 qu.zn 0.15 040 005 0.00 0.05 0.10

ﬁj Temporal profile Spectral profile
- Los Alamos
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3GLS and 4GLS Comparison

Peak brilliance (ph/s/mm?2/mrad?/0.1% BW)

ph

ok~ An’ee, At(Aw/w)

ST
012

B

Peak brilliance [Photons/(s mrad” mm® 0.1% BW)]

€, 2 nm 02nm 107
€y .02 nm .02 nm 1

At ~30 ps ~30 fs 103
Aawv/w 1% 0.1% 10
By 1023 1033 1010

Energy [eV]

However, 3GLS can deliver higher average brilliance X-ray beams (at high pulse repetition rates)
to multiple users simultaneously, whereas 4GLS can deliver beams to only 1-2 users presently.

A
o IR Alamos

NATIONAL LABORATORY D.C. Nguyen, Accelerator-driven X-ray Sources 28
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Bunched Beam Radiation

A single electron emitting radiation wavelet with electric field amplitude ¢

Ensemble of randomly distributed electrons Incoherent radiation
e00a0% 0", o . N T

HEERE TS

Each electron generates its own electric 2
. | E|=/N,|¢] | = N,|¢]
field. The sum of N, wavelets with random e

phases is proportional to square root of N, .

Ensemble of bunched electrons with A period Coherent bunched beam radiation

000000
28080000
LI X I XX ] ]

00000 O®

The sum of N, wavelets is proportional to N..

The intensity is proportional to N 2.

A N, is the number of electrons

)
» Los Alamos
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Enabling Technologies for XFEL

* Low-emittance electron photoinjectors

Electron bunches are produced from a laser-gated photocathode
Phase space ellipses oscillate about equilibrium 4 Slice emittance
- Solenoid fields align the ellipses, reduce beam emittance &" )

- Slice emittance is more relevant to XFEL performance Beam emittance -]

>

* High-brightness electron linac
- Electrons are matched into accelerator cavities '
- Phase-space oscillation is damped with acceleration

. Phase-space plots
e Electron bunch compression

- Electron bunches are compressed to generate kA peak current

Uncompressed bunch
P ! Compressed bunch
4-dipole magnetic chicane

- High current leads to high gain, but causes electrons to undergo coherent synchrotron
radiation (CSR) and microbunch instabilities (uBl) that are bad for XFEL.

* Modern linac designs balance non-linear effects to produce high-peak-current,
A small-emittance, low-energy-spread electron beams.

)
» Los Alamos

NATIONAL LABORATORY D.C. Nguyen, Accelerator-driven X-ray Sources 30
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Linac Coherent Light Source Undulator

Undulator period 4, =3 cm
Dimensionless K = 3.5
Segment length =3.42 m
Undulator length L, =123 m
Trajectory straightness ~ 10 um

)
- Los Alamos Photo courtesy of John Galayda (SLAC)

NATIONAL LABORATORY
ST.194
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Resonant Wavelength

At resonance, the radiation pulse slips ahead of electrons one wavelength every period
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A At
) C
z | FEL Resonant Wavelength
A C 1 1 A K?*
o — _1H = > _1 S i — U2 1+ o
A, 0, Ao L[ K 2y 2
2y° 2
\ )
|
D,
The average axial velocity is slower than fc —2 (,BC)Z =2
A because of the average transverse velocity. v, = v
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How does an FEL work?

Resonance condition

* Radiation slips over electrons one A after each A,
* Ponderomotive phase (radiation phase + electron phase) is constant
e This allows electrons and radiation to exchange energy continuously

Energy modulation

* Electrons with ponderomotive phase between —rt and 0 gain energy
* Electrons with ponderomotive phase between 0 and +r lose energy
* This leads to energy modulations with a period of the radiation wavelength

Density modulation

* Electrons that gain energy move forward in phase

* Electrons that lose energy move back in phase

* This leads to density modulations with a period of the radiation wavelength

* Harmonic current amplifies the radiation which then causes even more bunching

Coherent radiation
* Density-modulated electrons radiate coherently
 Radiation intensity scales with N2 (increased by N, over undulator radiation)
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Energy Exchange in FEL

The rate of energy exchange depends on the dot product of
transverse electron current and radiation electric field
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The electrons with ponderomotive
phase between 0 and /2 continuously
lose energy to the radiation; move down
in energy and to the left in phase.
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The electrons with ponderomotive
phase between —n/2 and 0 continuously
gain energy from the radiation; move up
in energy and to the right in phase.
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Energy Modulation & Microbunching

Initially unbunched beams develop energy and density modulations (microbunching).
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Graphics from “Ultraviolet and Soft X-ray Free-Electron Lasers” by P. Schmtiser, M. Dohlus and J. Réssbach
- Los Alamos
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Coherent Radiation from

Microbunched Electrons

interaction with
. radiation

particle particle
energy density

longitudinal energy modulation density modulation

position in bunch (microbunching)
Unbunched beams produce Microbunched beams produce
undulator radiation with random coherent radiation with small
N
phases, large phase errors. i phase errors.
E; =) Ege
Electric field of N random electrons n Electric field of N
/ \ microbunched electrons
‘ET‘: VN‘EO‘ ‘ET‘: ‘EO‘
Undulator radiation power/ \ FEL power (N? process)
PT = Npe _ N pe

A
’-j . - 7 . a ”
.'Los Alamos Graphics courtesy of A. Wolski, “A Short Introduction to Free-Electron Lasers,” CAS 2012
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Self-Amplified Spontaneous Emission
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SASE Start-up Noise

Discreteness of electrons leads to random fluctuations in current.
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SASE power starts from noise; pulse

energy fluctuates from shot to shot

Power grows exponentially with length

10
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FEL power at saturation (at ~20 L)
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Increase rho - higher gain (shorter gain
length) and higher saturation power. Typical
rho for XFEL ~ 0.0005 (0.05%).
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Linac-driven SASE Pulse Format

RF macropulses

Macropulse separation ~ 10s of ms I

—

Tmacro

< »
<« »

FEL macropulse (us)

FEL micropulses (bunches)

(O | | f\

10s of fs

. _ sub-fs spikes
Each micropulse has a different

set of spikes and pulse energy MW%
, J.ur'lk‘lx M
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SASE Spikes Formation

Inten5|ty versus tlme plots at different positions along the undulator
zZ= 17m Zz=34m z=52m z=103 m
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Initial radiation pulse SASE spikes start to appear in At saturation, SASE spikes -._._ More SASE spikes are
resembles current profile. exponential growth regime. have the longest length. added beyond saturation.
* Radiation pulse consists of randomly distributed N A wave-packet T
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Temporal & Transverse Coherence

z=0.1L_, z=051L, z=1
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« Transverse (bottom) and longitudinal (top) distributions of the radiation

intensity exhibit rather chaotic behaviour. Full transverse

o i | coherence at saturation
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1 ] 1 th ’ .
. Los Alamos Schneidmiller and Yurkov, Coherence properties of XFEL, 4" European XFEL User’s Meeting, 2010
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SASE Self-Seeding

Hard X-ray Self-Seeding (HXRSS) at Linac Coherent Light Source (SLAC)

2.5mm
Gas
14 Ge\ 1G6W /’H 5 MW A GW
p detector

| I
! I .,
X-ray Diamond S N Spectrometer
u-uis Chicane, U16 7-uze U30-U33 e~ dump
(60 m) (3.2 m) (52m) (16 m)

The monochromatic wake pulse is used to seed the FEL interaction in subsequent undulators.
The self-seeded FEL has a much narrower bandwidth (higher temporal coherence) than SASE.
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. E(?SAlasz J. Amann et al., Nature Photonics, V. 6, Oct. 2012
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Hard X-ray 4GLS Facilities

X-rays
Pulse energy
photons/pulse

Undulator
period, K_rms

Electron beam
energy

Linac type
Linac length

Gun type
Cathode

RF macropulse
Rep. rate

# pulses/RF

Bunch charge

Bunch length

Normalized
) emittance
» Los
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LCLS-I

12.8 keV
0.93 mJ
5E11

3.0cm
2.5

16.9 GeV

NCRF S-band
1 km

NCRF S-band
Cu photo

<1lus
120 Hz

1-2

150 pC

43 fs

0.4 um

SACLA

19.5 keV
0.16 mJ
7E10

1.8 cm
1.5

8 GeV

NCRF C-band
0.4 km

Pulsed DC
CeB;

<1lups
30 Hz

1-2

200 pC

<10 fs

0.6 um

EXFEL
2016

24.7 keV
0.3 mJ
8E10

3.56 cm
2.3

17.5 GeV

SRF L-band
1.7 km

NCRF L-band
Cs,Te photo

600 pus
10 Hz

2,700
250 pC

50 fs

0.6 um

PAL HXFEL
2016

12.4 keV
0.3 mJ
1.5E11

2.44 cm
1.46

10 GeV

NCRF S-band
0.78 km

NCRF S-band
Cu photo

<1lups
60 Hz

1-2

200 pC

66 fs

<0.5 um

SwissFEL
2017

12.4 keV
1.4mJ
7E11

1.5cm
1.1

5.8 GeV

NCRF C-
band
0.46 km

NCRF S-band
Cu photo

<1lups
100 Hz

1-2

200 pC

42 fs

0.2 um

LCLS-II
2018

5 keV
25 ud
3E10

3.2cm
0.24

4 GeV

SRF L-band
0.4 km

NCRF VHF
Cs,Te photo

CwW
930 kHz

N/A

20 pC

20 fs

0.14 um
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Energy Recovery Linac

Energy Recovery Linac (ERL)

T T T TTT1T T T T TTIrIIr | QI D e 0 ¢

-~ = . .
i R e, \
o “"“'?“&h Y
L :.%Q 30
st \ 10
P 4 «
o & \'\\ \
¥ 4 \ ¢ 1020
"é‘( \ ( 3rd Harmonic
']

1028
5th Harmonic

10%

Peak Brightness (ph/s/mm2/mr2 0.1% BW)
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Storage Rings
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Each electron bunch is injected into the main linac and accelerated to GeV energies.
Each electron bunch emits undulator radiation to provide X-rays to multiple users, and
then returns to the same linac but at decelerating phase for energy recovery.
. Los Alamos I. Bazarov, “On maximum brightness from X-ray sources,” Future Light Source 2012
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Inverse Compton Scattering

Inverse Compton Scattering wavelength Y Laser beam
2 1?2
o 21 e- beam 7 0 —
27/ 1 ﬂ COS ¢ / X-ray beam
X

Special case, ¢ = 180° (also called Compton backscattering)

The electrons in their rest frame see a laser wavelength with 1/2y Doppler shift
Laser light is scattered in all directions in the electron rest frame

Boosted back to the lab frame, the scattered light has another 1/2y Doppler shift
The final wavelength has 1/4y2 Doppler shift (4y? increase in frequency)

Compton backscattering wavelength , _
Inverse Compton Scattering properties

A = iz(l-l—)/zé’z) * Incoherent process

* Small scattering cross-section
* Wavelength-62 correlation

A
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FEL Intracavity

Inverse Compton Scattering

The same electron bunches used to amplify the FEL radiation in an oscillator collide
with the visible FEL photons that bounce back and forth between the resonator
mirrors to generate high-energy ICS photons. Example:

HIGS: High Intensity Gamma-ray Source

e—beam imager First e—=bunch

—
Ty
[---=> &
Storage Ring Target Room
___________ |
|
Spectrometer Second c_ﬂl,n ch Laser photons | HPGe Detector
--f--= D =T _> =Y g o |
|
Mirror Resonator — Mirror | *

Calibration sgutces
Y-beam o |

60m 10m
FEL Intracavity ICS produces high-energy y photons with low-energy electron beams

pj C. Sun, “Characterizations of a Compton scattering gamma-ray beam” Duke University 2009
- Los Alamos
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X-ray Sources driven by

Laser Wakefield Accelerators

The intense laser pulse (orange) drives electrons out of
the plasma creating a bubble, a void of electrons. The
bright blue dot corresponds to trapped electrons that are
accelerated by the wakefield in the bubble.

xl' |

X-rays

Undulator

High power laser

Electrons
Gas target

Laser wakefield accelerators can produce GeV, 10kA electron beams with ~1 um
emittance but with large energy spread. LWA-generated electrons can be used to

produce undulator radiation, and may be able to drive X-ray FELs in the future.
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Feng et al., WECO3 presentation, FEL15 Conference
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Summary

e Accelerator-based light sources cover the entire electromagnetic spectrum

* Synchrotron radiation (bending magnet, wiggler and undulator radiation)
has unique properties that can be tailored to the users’ needs

— Bending magnet and wiggler radiation is broadband
— Undulator radiation has narrow spectral lines
e X-ray FELs are the brightest coherent X-ray sources with
— High photon flux
— Femtosecond pulses
— Full transverse coherence
— Partial temporal coherence (SASE)
— Narrow spectral lines with seeding techniques
* New developments in electron accelerators and radiation production can

~ potentially lead to more compact sources of coherent X-rays.

—)
» Los Alamos
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