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Coherence at short wavelengths

Chapter 8

d - 6 = A/2m {spatial (transverse) coherence} (8.5)

d% ’/6%» lioh= A22AM {temporal (longitudinal) coherence} (8.3)
T \»

or d+ 26|y = 044 A (8.5%)

s T AN D
)Jé \ = = (A2m)? =
P coh. N ™ (dxe.\’)(dvey) P cen (8-6)
5 _ eAMANMN? 7ol .
PCOh.HA.A = 87[6()(&(4, l—m’ f(K) (89)

: \ _ (M2m)? ,
Py = m & o (8.11)

Pinhole

Cho8_F00.ai
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Synchrotron radiation from relativistic electrons

v<<_(C v<C
A Ax
AN \WA WA
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7

Y Note: Angle-dependent doppler shift

A=A (1-gcosB) A=Ay (1-Zcose)
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Undulator radiation from a small electron beam radiating
into a narrow forward cone, is very bright

Magnetic undulator - ] .
(N periods) e N
]
Bcen = y N

Relativistic
electron beam,

photon flux

Brightness = (A (AQ)

photon flux
(AA) (AQ2) (AN/N)

Ch05_F08_Apr08.ai

Spectral Brightness =
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Undulator radiation

Laboratory Frame Frame of Frame of Following

of Reference Moving e~ Observer Monochromator

l— Ay —>] sin2@ H ~ ZLY Ogen

N[ [S| [N| |S e
= —#@ —
e =

, , 7

-

E = ymc2 e~ radiates at the Doppler shortened For A—i‘ = 1N

Lorentz contracted wavelength on axis:
1 wavelength: ’ . 1
’\{ — - " >
v . B A =AY(1-pPcoso) cen = YN
2 A= T
Ay o typically
N = # periods o A= — (1+7°6%)
Bandwidth: 2Y Ogen =~ 40 rad
!
L, =~ N Accounting for transverse
AN motion due to the periodic
magnetic field:
_ M K2, v2n2
e ?(1 e +Y<09)
where K = eBOXu [27tmc Ch05_LG186_Apr2010.al
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Determining the power radiated: the equation of motion of
an electron in an undulator

Magnetic fields in the periodic undulator cause the electrons to oscillate and thus
radiate. These magnetic fields also slow the electrons axial (z) velocity somewhat,
reducing both the Lorentz contraction and the Doppler shift, so that the observed
radiation wavelength is not quite so short. The force equation for an electron is

dp y A
— =—e(E+vxB 5.16
dt ; : RA0) B, = Bo cos %
where p = ymv is the momentum. The : »
radiated fields are relatively weak so that
d
7? = —e(V X B) \V
—_— — a———— >
e~ z

Taking to first order v =~ v,, motion in the x-direction is

dvy fevi
my — = +ev, B,
. dt R
Ke . f2nz |
Vy = — SIn (5.19)
Y u
By,
K =207 _ 0:0337 By, () (5.18)
2mwmc

ChO5_F15_Eq16_19_Mar08.ai
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Calculating power in the central radiation cone: using the well known

“dipole radiation” formula by transforming to the frame of reference
moving with the electrons

x, z, t laboratory frame of reference x', z', ' frame of reference moving with the
average velocity of the electron

e_$
s

*

—>| Jy = N periods Lorentz

transformation X, z', ' motion

a'(t') acceleration

d : > S 1

7‘: = ¢(E+vxB) Dipole radiation:
dP' _ &ad’*sin’ @
dQ’ 16m°e,

A x'
X
I Ocen = 1 Lorentz transformation Sin?@’
\ vi/N'
—

—— > — >
— < -
AN A\

A =N
AN
5 _ meyl K
T kg (1 EY2)?

ChO5_T4_March2008.ai
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Undulator radiated power in the central cone

Ay K2, ~2n2
= — P g
g = o+ S A PR
= owefal K2
I:)cen i 2
€Ay (1+5)°
2
1
e -—
cen ,Y:k/ﬁ
(A_k) =
A, cen
K= eBo)\.u
2mmgC
% K?2
= +
J a2 5

f(K)

Trieste April 27, 2010 / David Attwood / ICTP Lecture 2

Photon energy (eV)

e = __1__
cen YW
ALS, 1.9 GeV
400 mA Tuning
-~ Ay =8cm curve
N = 55 /
K=0.54.0
K
I 8.5 0 i
| |
0 100 200 300 400
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Time structure of synchrotron radiation

The axial electric field within the RF cavity, used to replenish lost (radiated)
energy, forms a potential well “bucket” system that forces electrons into axial
electron “bunches”. This leads to a time structure in the emitted radiation.

5\}\ /\ /\/z-ﬂ\/e Gaussian pulse

o (rms)

| Crywhm = 35 ps

|

| >
FFWHM =2.35 Or Time

I =400 mA
unfilled

328 buckets available,
nominally operated with
some fraction unfilled.

Trp = 35 ps (nominal) /N , 500 MHz RF

- L
—>| | —>| e
35 ps 35 ps

ChO5_TimeStruc.ai
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Coherence at short wavelengths

Chapter 8

d - 6 = A/2m {spatial (transverse) coherence} (8.5)

d% ’/6%» lioh= A22AM {temporal (longitudinal) coherence} (8.3)
T \»

or d+ 26|y = 044 A (8.5%)

s T AN D
)Jé \ = = (A2m)? =
P coh. N ™ (dxe.\’)(dvey) P cen (8-6)
5 _ eAMANMN? 7ol .
PCOh.HA.A = 87[6()(&(4, l—m’ f(K) (89)

: \ _ (M2m)? ,
Py = m & o (8.11)

Pinhole

Cho8_F00.ai
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Young’s double slit experiment: spatial coherence and the

persistence of fringes

Persistence of fringes as the source grows
from a point source to finite size.

d - 20[pwpm = M2

heai = AADARK

= ol
= choh}\'
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Courtesy of A. Schawlow, Stanford.
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Coherence, partial coherence and incoherence

Y
Point source oscillator Source of finite size,

—00 < t < 00 divergence, and duration

Ch0B_F01.ai
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Spatial and temporal coherence

A Transverse (spatial)
Mutual coherence factor coherence
(7)) = (Ev(t + 1)E5(2)) (8.1) P
P4 I \
> \ | \\
. . o) — | [\] | —
Normalize degree of spatial coherence ||y
4 —[— 4@ p2
(complex coherence factor) 11
P2
* il M| —
<El(t)E2(t)) .
Hi2 = = , (8.12) Point source, Longitudinal
\/(lEl |~)\/(|E2|Z) harmonic oscillator coherence length
Cooh = A2I2AN

A high degree of coherence (n — 1)

fotee.- s ] Longitudinal (temporal) coherence length
implies an ability to form a high contrast

interference (fringe) pattern. A low degree Bt A2 (8.3)

of coherence (u — 0) implies an absence SO A

of interference, except with great care.

In general radiation is partially coherent. Full spatial (transverse) coherence
d-0=A/2m (8.5)

Ch08_Eq1_12_F2 ai
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Spectral bandwidth and longitudinal coherence length

'«— A —»} |<— AN 180 phase shift
AWANA\AN VA SVAMYAYA i
VARV AN/AVIAV VAV.VAV.VAV
LS 5l

\
€coh g 7» >

1.00 -

Define a coherence length €, as the distance of propagation over which radiation of spectral width AA
becomes 180° out of phase. For a wavelength A propagating through N cycles

€C0h = N}\,

and for a wavelength A + AA, a half cycle less (N — =)

Lo | —

beoh = (N-2) (A + AL)

Equating the two

N = A2AA
so that 12
)COh — (83)
2 Ax

Ch08_F03.ai
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A practical interpretation of spatial coherence

* Associate spatial coherence with a spherical wavefront.
* A spherical wavefront implies a point source.

e How small is a “point source”?

%, From Heisenberg’s Uncertainty
Principle (Ax - Ap > % ), the smallest
i 0 source size “d” you can resolve, with

wavelength A and half angle 6, is

A
de-%

ChOB_XBL 915-6740A ai
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Partially coherent radiation approaches uncertainty
principle limits

Ax - Ap=2Hh/2 (8.4)  Standard deviations of Gaussian distributed functions
AX H ﬁAk 2 ﬁ/2 (Tlp]él', 1978, pp. 174'] 89)
Ax - KAO = 1/2

2Ax - AB 2 A2

L

s 0
d= AX@ :— >
T \/L\M\,

Spherical wavefronts occur

Note: in the limiting case
Ap = hAk = o
AE — KAB m Ak d-6=A2n } A/—l_ quantities
k (spatially coherent) g
or

(d - 20)pwiv = A2 | FWHM quantities

Ch0g_xBL883-8849 modf.ai
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/\l A Spatially coherent x-rays:

fEreenee ’m

spatially filtered undulator radiation

M N periods

ﬁ\ Uscuatr =11.2 nm A =13.4 nm

radiation
Spatial
\ fllter
Ocen = 1 ymP pinhole

Pinhole \ = 25 mm wide CCD
at 410 mm
-
Angular

aperture

Courtesy of Patrick Naulleau, LBNL.
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Spatially filtered undulator radiation

N
A
fErrenee ’m

N penods '\%

Undulator
radiation \% =
‘\§ % N =55 Tuning
% | 1.9GeV curve
% 0.4 amp
n = 1(only)
Au/(' g
qc, 100 =
o
_}\_ =N —>|—
AL
0.50 |- 5 _mer% KK
cen 2,7\ 2
9“"=W'(ALL] =N T =Y 1+ K2 by (1+K72)
| |
05 100 200 300 400
Photon energy (eV)
35 >
: : s = M2
Using a pinhole-aperture spatial filter, 451 \ o = (d_:(w_(:_)e) * P
passing only radiation that satisfies d - 6 = A/2m s L
B A2m\ (227 5 - E Ceon = NA2
hN = - ®
co dx Ox d_y 9}’ cen % 20
2. Tuning
p elyIN | hw fliw/hwo) (8.9) E A ﬁ=N—*<— curve
pN=—""7-[1—— w /hw, ; ©
€ 87 €od,d, hwo y £ 10
for dy = 26y, dy = 26y, 1y — By, B1y — 6y, i
2 | I ! | | ! |
and 6" << 9cen 0050 100 150 200 250 300 350 400 450

Photon energy (eV) Chos Fo9
N0B_ al
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Spatial and spectral filtering of undulator radiation

In addition to the pinhole — angular aperture for spatial
filtering and spatial coherence, add a monochromator for
narrowed bandwidth and increased temporal coherence:

y (A/2m)? KX =
P = N— P 8.10
coh,A/AX n (d.0 )(dy, 0 ) cen ( a)

/ beamline - ¥ \
spectral

efficiency

Coherent gft’:gfg filering ~ Undulator

power radiated power
which for O’X‘y << By, (the undulator condition) gives the 32
spatially and temporally coherent power (d - 0 = A/2m ; lop = 5 )

5 ery IN(AL/A)N?
Peoha/an =

A 81 Godxdy
|

which we note scales as N2.

ha)()

(1—h—w) fhw/hwy) | (8.10¢)

ChO8_SpatalSpectral_Apr2010.ai
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Coherent power at Elettra

2.0 ! | 1 I T T L T |
2.0 GeV, 300 mA
i n=1 g Ay =56 mm, N = 81
510_ / - OSSKS23
a® ﬁ=81 e . Oy = 255 um, o, =23 pur
0.5 x oy =31pum, oy =9 pr
0 L ! | ] Y PN [ = N = 100/0
102 103
Photon Energy (eV)
20 . Tt 150 . —T— T
=~ 15 | —
E 3100
z 101 = g
[ = 10_8 50
0

a0

102 103 103

Photon Energy (eV)
Ch08_Elettra_Feb07.ai
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16 December 2004 _ International weekly journal of séience

SR g

X-ray holo‘graphy

Lens.gss 1mag1ng at the Ranoscale

-

The!Halloween storm’
How the San plays its tricks

Protein transport
Escapefrom the nucleus

.

Duck-billed platypus
Curiouser and curiouser

AN

: .
Locusts over Africa ' . “ﬂ“, I”I m‘
Time for biological control? % ‘
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Undulators, FELs and coherence

« Spatial coherence

 Temporal coherence

Partial coherence

Full coherence

Spatial filtering

Uncorrelated emitters

« Correlated emitters

* True phase coherence and mode control

 Lasers, amplified spontaneous emission (ASE) and
mode control

» Undulator radiation
« SASE FEL fsec and asec x-rays
« Seeded FEL true phase coherent x-rays
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Young’s double slit experiment: spatial coherence and the
persistence of fringes

TN

YoungsExprmt.ai
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Young’s double slit experiment: spatial coherence and the

persistence of fringes

Persistence of fringes as the source grows
from a point source to finite size.

d - 20[pwpm = M2

heai = AADARK

= ol
= choh}\'
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CHO8_YoungsExprmt_v3.ai
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Young’s double slit experiment with random emitters:

Young did not have a laser

) )

EA

emitters

N uncorrelated / / /

* Self-interference only
 Electric fields chaotic

) )

* Intensities add
» Radiated power ~ N

d ¢ 200 = W2

Trieste April 27, 2010 / David Attwood / ICTP Lecture 2

Mooh = A/2AN = 2 Negph

YoungsExprmt_Random_March08.ai
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Young’s double slit experiment with phase coherent
emitters (some lasers, or properly seeded FELS)

\/A\/A\//\V/\
) ) )

EA

emitters

N correlated / / / / )

* Phase coherent
electric fields

* Electric fields from all
particles interfere constructively | d - 20|y = M2

« Radiated power ~ N2

* New phase sensitive — —
probing of matter possible )\'COh = KA = Pl Ncoh}\

YoungsExprmt_PhaseCoh_March08.ai
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How do these concepts apply to undulators and FELs?

IN] [s] [N] [S]

) ——— ———e(,E’+v><B)

S N S N

Undulator — uncorrelated electron
positions, radiated fields uncorrelated,
intensities add, limited coherence,
power ~ N.

UndulatorsAndFELS ) &l
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Undulators and FELs

IN] [s] [N] [S]

S e E — _e(E'+ v x B)
sl [N] [s] [N]

Undulator — uncorrelated electron
positions, radiated fields uncorrelated,
intensities add, limited coherence,
power ~ N.

IN|] [s] [N|] [|s] [N] [s] |N|] [S] [N]

(LR —
Sl W O[S [N [S] [N [l W (S

Free Electron Laser (FEL) — very long undulator, g

electrons are “microbunched” by L S —(E +v xB)
their own radiated fields into at

strongly correlated waves of electrons,

all radiated electric fields now add,

spatially coherent, power ~ N2

UndulatorsAndFELs2 ai
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Seeded FEL

N S N S

—_— %:—e(E/Jrva)
[s] [Nl [s] [N]

Undulator — uncorrelated electron
positions, radiated fields uncorrelated,
intensities add, limited coherence, Better electron distribution

power ~ N. throughout bunch, resulting
in better coherence properties.

IN| [s] [N] [s] [N] [s] [N| [s]| [N]

AR~ GHID
o sl [Nl [s] [Nl [s] [Nl [s] [N] [S]

seed pulse
Free Electron Laser (FEL) — very long undulator,
electrons are “microbunched” by
their own radiated fields into
strongly correlated waves of electrons,
all radiated electric fields now add,
spatially coherent, power ~ N2

dp

g =—(E +vxB)

Seeded_FEL.al
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FEL Microbunching

Courtesy of Sven Reiche, UCLA, now SLS
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Gain and saturation in an FEL

16>

1yl

10

ul
|

0 2 4 6 8 10 12 14

z [m]

Courtesy of K-J. Kim

Gain_Saturation_FEL_graph.ai
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FLASH EUV/soft x-ray FEL at DESY Lab, Hamburg

L‘
6.5-32 nm wavelength in 1st harmonic
20 fsec, 10'2 photons per pulse

Courtesy of Henry Chapman (LLNL, now Hamburg) and Stefano Marchesini (LLNL, now LBL).
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Coherent x-ray diffractive imaging with the FLASH
free-electron laser (FEL) in Hamburg, Germany

25 fs diffraction pattern

- .,

‘1\“

1 micron ,\ ,\

VOL.2 NO.12 DECEMBER 2006
www.nature.com/naturephysics

nature }
physics

FLASH,
what a picture!

QUANTUM NETWORKS
Photons fired in concert

SUPERCONDUCTORS
Straight to the source

QUANTUM OPTICS
Strong correlations with light

Chapman et al, Nature Phys 2 839 (2006)
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The Linear Coherent Light Source (LCLS),
an x-ray FEL at Stanford
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Free Electron Lasers

Parameters Flash FEL LCLS European XFEL
(Hamburg) (Stanford, 2010) | (Hamburg, Schenefeld; 2014)
Ee 230/1000 MeV 13.6 GeV 17.5 GeV
Y 450/2000 26,6000 85000
Au 2.73 cm 3 cm 5 cm
N 500/1100 3700 4000
Ly 30 m 112 m 200 m
ho 50-200 eV 1-10 keV 4-12 keV
AR 00 | 330 1000
e/bunch 107 6 X 107 (1 nC) 6 X 107
A.T 25 fsec 160 fsec 100 fsec
F 3 X 1012 ph/pulse |2 X 1012 ph/pulse 1012 — 1014 ph/pulse
rep rate 1 Hz 120 Hz 10 Hz
I 1.3 kA 3.4 kA
p 0.3GW 8GW 20-100 GW
B 1 X 1028 1 X 1033 5 X 1033
L 260 m 5 km 3.4 km
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