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Synchrotron Light Source VS Free Electron Laser™=*
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Synchrotron Radiation
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3.1.1 SR powerloss e

The synchrotron radiation is the result of the charged particle leaving part of its fields
behind (as the field cannot catch up with the motion of the particles)

Field left
behind\uL
a”‘
+9” (R+7)A0  RAG
N\ e >
C v
L
K
Field lines

The part of field moving further away (r) would be left behind. Fory > 1,8 = 1,

1=+  p1-0 _ R
B(1+5) 2 2v?

r:R(——l):RT:R(

Moses Chung | Lecture 6 Synchrotron Radiation and FEL 5



WNisT

AAAAAAAAAAAAAAAAAAAAAA

3.1.1 SR power loss (back-of-envelope estimation
Energy in the field that is left behind (i.e., radiated)
W /EQdV
The field E can be estimated as the field on the radius r:

e
EO(—2
r

The characteristic volume can be estimated

27 ™ o0 2mr (o]
/dV ~ / / / r? sin Odrdfdd ~ 2/ / rdrds
0 0 T 0 T

R
The energy loss per unit length: " 22
dW o0 0 o0 62 62 6274
EuZ[ﬂ EfrdrNZ/T r_4TdTNr_2NR2
Compare with the exact formula:
aw  2e%44
@~ 3 098
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3.1.2 Cooling time

Let’s rewrite the exact formula for power loss per unit length in the way that does not
depend on the systems of units:

aw 2 rey?t 9

_z me Classical radius of an electron
ds 3 R?

SR energy loss of a particle per turn is:

dW o Amreyt
UQ—EX(QTI'R)— 3 g me

Cooling time of a particle with energy E, = ymc? cycling with revolution period T, = 2rnR/c:

Ey _ 27R yme?

T= U()/T() - C UO
— Or, inverse cooling time can be written as AN RRF
.\ o—>
1 2 C're/_yS M U

T

T3 R2

- The beam of particles can have a range of angles within the
beam.

- The momentum of radiation is in the same direction as the
momentum of the particle.

- RF cavity restores only longitudinal momentum, thus emittances
of other degrees of freedom are reduced (cooling).
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3.1.3 Cooling time and partition e

Traditionally, there is a factor of 2 in the definition in the cooling time:

2FE) 1 crey?
g —_— e
Uo/To 3 R

T

We can express the evolution of the beam emittance (indeed, cooling is not about the
energy itself but about temperature-its spread) under the influence of an SR damping as

e(t) = eg exp(—2t/7)

Both transverse planes, as well as the longitudinal motion in rings, are usually coupled.
Thus, we can expect the damping will be distributed between these degrees of freedom in
some proportion depending on details of the optics.

Distribution of cooling between the DOF is defined by partition numbers:

T, — —

J;
The total radiated power (U,) due to SR is fixed, therefore

Z 7t = const. — Z J; =4 Robinson damping theorem or

i=x,y,F i=z,y,E Partition theorem

— For a typical accelerator
Jr~1, Jy=1, Jg=2
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« Based on the relativistic kinematics, we note that the radiation of relativistic particles is
emitted into a cone with angular spread of 1/y.

V‘l’ =Cc - I L—\
Observer

1cfht pulse
to observer

: : : : 2R :
Time for first photon to arrive at point B: ¢, = 2R sin(1/7) ot =ty —t; = o [_ - 55111(1/’)/)}
, : : : 2R
Time for the particle to arrive at point B:  t2 = — 2R R
YU ~—(1-8)~—

« Estimate the characteristic frequency (or, critical frequency: SR spectrum reaches a
maximum near here and drops exponential zero above this) of emitted photons as the
inverse of the time duration of the light pulse.

1 c'y \§c'y?’
&t R 2R

We =
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3.1.5 Number of photons

« The photon energy is w, e S
v he

ec:hwcz—

« The number of photons emitted per unit length can be obtained by dividing the energy loss
per unit length by the energy of the photons:

dW  e?a*
— = CGS
ds R? | ]
dN 1dW  ay
ds €. ds “ R
o2
Fine structure constant: « = ————— =~ 1/137 [unitless, indepent of units]

(dmeg)he

« The number of photons emitted per unit of the bending angle 6:

dN dN  avy
4 raw SR N
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3.2.1 SR-induced energy spread

The energy spread AE /E will grow due to statistical fluctuations VN of the number of
emitted SR photons

d ((AE/E)?) A €2

C

ds ds (ymc?)?
Usmg (reduced) Compton wavelength
dN  avy he e? e? \ h Te
—_— " — €, ~ o = —. r., = —, = — = —
ds R c R hel  ° me2’ 7Y me «
Fine structure constant [CGS] Classical electron radius [CGS]
We have

d((AE/E)?) _ rcdey”
ds T R3

d((AB/E?) 55 1eder® | poreded’

ds 243 R3 R3

[Exact formula]

Moses Chung | Lecture 6 Synchrotron Radiation and FEL 11



WNisT

ULSAN NATIONAL INSTITUTE OF

3.2.2 SR-induced emittance growth

 When a photon is emitted and the energy of the particle becomes equal to E + AE (where
AE < 0, the particle starts to oscillate around a new equilibrium orbit.

[Cartoon in the textbook seems unphysical because AE photon
should be negative.]

emission

closed orbit

2 6=0 ,."I‘:'luhv{i orbit
o8 T 6<0
& |
[
Q’Kd& Emit photon
- (Q’
&
< {0\ 2) electron oscillates about
o off-energy orbit
. . . 1) electron emits a \ Pid

* The amplitude of the oscillation: photon and so

changes energy

AFE on-energy orbit, AE=0
AERNT

Op = (593)83;)1/2

« Estimation for the emittance grwoth:
off-energy orbits, x(s) =n(s) AE
A(EQ bending magnet where 1 (s) is the dispersion

Ae, ~ 6 function
x
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3.2.2 SR-induced emittance growth (cont’d) ==

« By using the previous equations, we obtain an estimation for the emittance growth:

de, _1*d((AE/E)?) 1’ redey”

ds B, ds ~ B, R3

* In the above estimation we ignored the dependence of S, and n on s; however, these
dependences can alter the results.

dew [P+ (Bam = Bin/2)?] 55 reder”

~
~

ds Ba 24v/3 R

* Here, we define dipersion H—function (sometimes called the ‘curly-H function’):

(12 + (Ban' — Bin/2)?]
B
(7 + (Ban' + am)?]
Ba

1+a?
— ( 6 )7]2+2an”’+6$”’2

= 735772 + 205:137?77, + Bwnfz

Y =
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3.2.3 Equilibrium emittance

« Let's look at the estimated rate of emittance growth:

de, o d((AB/BY) o rss
ds B, ds ~ B, R?

« The evolution of the beam emittance under the influence of an SR damping is

d 2
g(t) = epexp(—2t/7) — d_i =—_¢
- 1o Lo’
« At equilibrium, 3 R2
de, de 3177 A’
ds Tds 0T 55 R

[Note] In the equation above, we ignored the dependence of R on longitudinal coordinate s. In order to obtain
more accurate formulas, one needs to use the values (1/R?) and (1/R3), which are averaged over the orbit
period.
[Note] In the vertical plane, SR’s contribution to emittance is only due to 1/y angles of emitted photons, but
usually the impact on highly relativistic beams is negligibly small.
[Note] The vertical equilibrium emittance is therefore usually defined not by SR directly, but by the coupling
coefficient k (usually «< 1) of the x — y planes:

€40 = kego

[Note] In the above, we ignored partition numbers, but they can be taken into account in accurate
calculations. The equilibrium energy spread of the beam can also be calculated in a similar manner.
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4
> r
Observer

R

=
"..2
=

We first note that the angles of photons coming from the emitting regions are spread over
1
o~ —

a

The size of the emitted region is given by the height of the arc segment:

R

o~ R[1—cos(1/v)] ~ 57

The estimate from the emittance of an SR photon emitted by a single electron:

Let’s rewrite the photon emittance equation using the expression for photon wavelength:

2rc  cy? Ac

C .
We = ~ > Eop & — — £, = — (Iin general
¢ Ao R P 47 P 47T( & )
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3.3.2 SR spectrum

A large fraction of the photons will have energies close to w.. However, there is also a
lower energy tail, as well as some fraction of higher energy photons.

It is also natural to expect that the photons’ angular distribution will deviate from the 1/y
rule, and indeed, the lower energy photons typically have larger angular spread.

vhe

€. = hw, ~

R

1.000 —

0.100 —

0.010 —

0.001 —
0.0001 0.001 0.01 0.1 1 10
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3.3.3 Brightness or Brilliance

Flux is expressed as the number of photons emitted per units of time and per unit of

bandwidth:
Photons

Flux =
YT BW

The bandwidth (interval of interest in the spectrum of photon frequencies) is denoted here
BW and is expressed, typically, in %.

Then brilliance (or brightness) is then defined as flux per unit of emitting area and product
of angles:

Flux B Photons
ANPAT | s mm?2 mrad? BW

Brilliance =

In a typical case of Gaussian distributions, the definition of brilliance is based on total
effective sizes and divergences
Flux

Brilliance = IPSS M 5,5,

Here, the total effective sizes include contributions from electrons as well as photons
(similarily for y-plane):

Se =1/02,4 0%, Ove=eBe + (Dooc)?
So =1/02 o+ 0%, Opre = /oY + (D)o:)?
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3.3.4 Ultimate brightness

« Brilliance is defined by the overall effective emittance, which convolves electron and
photon distributions:

_ 2 2
Eeff =)0 T O/ 02 + o

« Since the lowest photon emittance depends on the photon wavelength, the smallest overall
emittance will be obtained when:

!
€e = Ol < Eph = E

* This corresponds to a diffraction-limited source.

[Example]
Let's take an example of 12.4 keV of photon energy which corresponds to &,, ~ 8 pm. For

typical third-generation SR light source, the horizontal emittance ¢, is usually 1 and 5 nm and
vertical emittance ¢, between 1 and 40 pm. Thus, such rings are close, in terms of its

emittance, to the ultimate performance in the vertical plane. However, they are many orders of
magnitude away from the diffraction-limited emittance in the horizontal plane.
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3.3.5 Wiggler and Undulator radiation ===

\ / >bsewer

2 - Cal
2 h,
4

An external observer will see photons emitted by the particle during its travel along the arc
2R/y.
Let’s define the parameter K as the ratio of the wiggling period to the length of this arc:

Ay . AuY
K~ — ly =
(more precisely 5 R

R/~

)

- If2R/y « 1,, then the radiation emitted at each wiggler is independent. Wiggler regime (K > 1)

- If2R/y » A, then we are in a regime where the entire wiggling trajectory contributes to radiation
(therefore interference leads to coherence radiation). Undulator regime (K «< 1)
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3.3.5 Wiggler and Undulator radiation =~ ===

Undulator

Bending
Magnet

e e

A\
K~-—">1 Au
R/~ KNR/’)/<<1

Bending magnet VS Wiggler
log(S(/e,))

* N
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Bunch Compression
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10.1.1 Bunch Compression ==

Short electron bunches are typically produced by RF photo guns where the cathode is

illuminated by a short laser pulse.
Laser: not to be interfered

I = Perveance x V32 7R lL\ with beam
()]
T
—> £ — —J
I'-\_J ﬁ- g ..?)__}) e__ ..................................
o A =
5 /<~ —
L
a
i }
I RF
DC Thermal cathode e-gun One-and-a-half cell RF photocathode e-gun

While a pure metal photocathode is robust, its quantum efficiency (the number of electrons
per number of incident photons) is usually quite low, of the order of 10-4. Photocathodes
with alkali metals such as cesium can have a quantum efficiency of 10% or higher.

However, such photo injectors produce still relatively long pulses (a few ps), while for many
applications, such bunches would be too long and fs bunches would be required instead.
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Velocity Bunching =

By properly adjusting the timing when the laser illuminates the cathode with the RF field in
the gun, one can create correlation between the energy of electrons and the longitudinal

position within the bunch.

The difference of energy for beams that are still weakly relativistic can create a difference
in longitudinal velocities.

Tall Head

a : Initial beam

b : Compressed beam

Because velocity bunching is based on the velocity’s dependence on energy, it can work
only for weakly relativistic beams.

Weakly relativistic electron beams can, in particular, suffer strongly from space charge
effects, limiting the degree of compression
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Chicane &sx 222 Zo0|A 3l7| 93t 0|5 2HEZ)

Achieving ultra-short electron bunches is usually done at higher energies, when the beam
is relativistic and space charge effects are less severe.

Particle velocities are nearly constant at ¢
(Energy difference is not equivalent to velocity difference!)

AE/E AE/E AE/E AE/E AE/E
tail head
-l >z >z >z >z
Energy chir )
9y enip ¢ Longer path
: Eq-AE
Eo
E, + AE
RF cawty Shorter path
,
Zero crossing In this chicane, the time of flight (or equivalently the path
or Off crest length) is different for different energies.
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Analytical Description of Bunch Compressor ===

« Let's use the linear transfer matrices to evaluate the evolution of the longitudinal position
and relative energy offset (z, 6).

« Passing through the RF cavity (assuming the cavity is thin), the longitudinal coordinate
does not change, while the energy change depends on the initial position as follows:

21 = 20

eV .
(51 = 50 + RE Sin (7T + kRFZO) ~ 50 —
0 0

eVrr eV(2)

krrzo

ead

Reference beam energy
Assume zero crossing

21\ 1 0 20 R eVrE I for simplicity
51 ~ R65 1 (50 5 65 — EO RF

« The next step is to take into account the bunch compressor itself.

o« Momentum compaction

Nonlinear terms

29 = 21+ Rse01 + Ts660° + Usessds + - -
do = O
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Analytical Description of Bunch Compressor ===

« The full transformation is given by multiplying the matrices of each element:

2\ _wr. [ %0 _( 1+ ResRs6 Rse
()= (&) w= (™ )

« Then the final bunch length is

O = \/(1 + ResRse)” 02 + REso,

* In order to achieve maximal compression, we need should adjust Rq5 (Energy chirp
induced by the RF cavity) or RF voltage in such a way that

Res Rse ~ —1

[Note]
— Taking second and higher-order terms into account will give increased final bunch lengths.
— Linear transformation preserves the longitudinal beam emittance:

_ 2.2 2
€= \/0'20'5 O-sz

— The achievable compression is limited due to the effects associated with beam’s high peak current:
longitudinal space-charge (LSC), wakefields and coherent synchrotron radiation (CSR).
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10.1.2 Coherent Synchrotron Radiation (CSR)
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« Characteristic frequency of Synchrotron Radiation (SR): 10007 5(/ep,)
3 C”}/‘?’ 0.100 —f
wSwe=—-—
‘ 2 R 0.010
0.001 —
« Wavelength of the radiation ~c/w and bunch length o: o001 0001 001 o1 110

C
S

Incoherent radiation

« Radiation power:

~N Incoherent

102 10" 1 10 102 10* 10* 10° 10°
Frequency (THz)

C
W

Coherent radiation

Radiation power

N
ZEJB

j=1

N
ZEﬁ?—i_ZZE Eje i(¢j—dr)
Jj=1 J=1k#j

If ¢; = ¢y, then the 29 term >> 15t term as there are N2
of them and results in coherent radiation
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10.1.3 CSR Effects on the Longitudinal Motion ==

« Two particle model: the beam is represented just by two particles (at the head and in the
tail of the bunch).

Field by tail Field by head

« The CSR effects are essentially caused by the possibility for the tail field to overtake the
head particle while the beam is moving on a curved trajectory.

We assume both particles and X Tall Head
fields are moving with c M

-
Cd
'I
-
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10.1.3 CSR Effects on the Longitudinal Motion

« The condition for the catch-up (overtake) to happen in point B:

WNisT
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~ 8 9/2 time =

Arc(AB) — s

Arc(AB) — s = |AB| RO — s =2Rsin(0/2) — s~ RO>/24

« Overtaking distance L, can be estimated as

Lo = |AB| = R ~ 2(3sR?)'/3

Moses Chung | Lecture 6 Synchrotron Radiation and FEL
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10.1.3 CSR Effects on the Longitudinal Motion ==

« Values of the transvers field (MKS unit): @ = (v)
E
A
Pillbox for
1 . G Law
_ Line charge density _ eNA Y ; :/ =
L 2meqr ~ 2meQr 9 Y qE ! > ¢
v
«  Longitudinal force acting on the head: B
Ne? )\ B Ne? )\

F” IGEJ_SiIIH%BE_LQI

o2meqr  2meg(3sR2)1/3

r~ Lo(0/2) ~ 2(9s*R)"/?

«  With more accurate derivation for a Gaussian bunch: | —
. Negative means
F“ = const. X Fo(Shape functlon) /(ka acceleration
0.0 tail ° head
— The shape function changes its sign. == 5 T 2 5 3
— The head of the bunch slightly accelerates. o slo
— The major part of the bunch decelerates. '
0.0

-4 -3 -2 -1
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10.1.3 CSR Effects on the Longitudinal Motion ™=

The effects of CSR are particularly important in bunch compressors and can prevent
achieving ultra-short bunches.

CSR can cause bunch instability and microbunching, and can therefore deteriorate the
longitudinal phase space of the beam.

current [A]

energy [MeV]

current [A]

energy [MeV]

20

126

125

124

123

122

126

125

124

123

122

After BC1 After BC2
T T T 400 T T T 1500 T
1000 -
- 4 200 .
soo b -
L 1 1 0 1 1 0
T T T 126 T T 380 T
- 4 s {1 3K i
. Head - \ 1
- Talil 4 124f ; - |
- \ 4 123f ) 4 ek / |
~ 2 oz 4 '23 — 0 1 -05 o 0.5
€ [ mm] ¢ [ mm] ¢ [ mm]
: : . 400 T . . 1500 -
1000 |- -
- -y zw - -
500 - =
1 1 | 0 1 1 0
T T T 126 T T 380 T
- Head 125 E 379 |- .
- Tail 4 12ef 4 ams \ |
- \ 4 123 ) - 377 |- F
1 1 1 1 1 1 M’
-+ 2 0 2 a4 23 - 0 1 .05 0 0.5
¢ [mm] ¢ [mm) € [mm]
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Micro-bunchi ng Instabil |ty T

Collective effects (Longitudinal Space Charge and CSR) turn ripples of charge-density into
energy modulation.

Dispersion turns energy modulation into larger charge-density ripples.
Main adverse effect of micro-bunching instability is growth in energy spread.

Dispersion in BC

phase space phase space phase space
AE Sort of energy chirp AE
W\ *
charge density charge density charge density
p2) pz)

NN TN TN N

L4

Z | {

Due to either LSC or CSR
(LSC is more relevant as dipoles are short compared to rest of machine)
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Micro-bunchin g Instabili ty T

* Multiple-stage bunch compression enhances instability

{ start of linac M cxit of BCI ; entrance of BC2

E (MeV)

s=44.1185m B s=59.4185m

z (um)

R L A TR 18 182 54 '&
0.5005 | i 5 =
z 18 | 18] Shied / S
- ] - —_ s el ~
I o5 N ﬂ N P 32| 3
g E g 178 3 17| 25 =
< 04995 | ™ 176 ™ 176} 5|
0499} 174 174! ! 49
e ‘ ) =20 =10 ] 10 b |
=200 ~I00 Y] 100 204 30 -2 0 20 40 -4 =20 0 2 40
i bl 2 . 2 Z (pum)
(e z (um) z(pm)

*-band linecafizer
Laser heater BC? SPR EFR
l LINAC LINACZ LINACZ2 LIiNACA
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Wiggeler VS Undulator
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* Bending magnets arranged in a sequence with NSNS polarity with period 4,,:

« Wiggler regime: If the length of the emitting region is much less than the length of an
individual.

A
R—- < —; — the radiation emitted in each bend is independent
v

* Undulator regime: The entire wiggling trajectory contributes to radiation, therefore
interference leads coherence of radiation.

2 Au e :
R—> 5 — the radiation is coherently build up
7
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Wi gg ler VS Undulator R

: 2 A Ay
« Wiggler: RZ <« =% or K(undulator parameter) = i > 1
v 2 2R
High frequency components

2y 2y

-

- N

UL 4[\; JL l [.T:‘IMI*TT"‘T--\—.-q---_-
U U U ) 2 4 6 Sl(a. JO)

Time

W) (a. u.)

Electric field

* Undulator: R= > —, or K(undulator parameter) = T g
~ 2 2R

1 TAVEET AR A% Narrow frequency spectrum
. ) | 52 - - . .
i Q & L -
2}}‘ — 2-"\" 8 / = 0 1 1 1 1
—_ 0 2 4 6 8 10
w 1 1 1 1 1 A (a. u.)

Time
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Particle and Field Energy Exchange =~ ™%

« There is longitudinal retardation of the particle in the undulator:

1 K?2 1 K2
(v,) = v, + sin-like trajectory contribution = ¢ (1 — W) — c4—72 —=c (1 “ o (1 + _))

&===__ Electron trajectory

V V S (—|e)E-v <0 - Energy transfer to wave
= <
: : Vx‘\ S

/‘ -> EM wave is moving faster

J el

v
A/2

 The necessary condition for the resonant energy transfer is that the EM wave slips forward
with respect to an electron by A,, per half period of electron trajectory

/2 A/24 N2+ nA Ay Ay K?
/2 _ M2+ A2+ — A= (1—(vz) /c) = 1+ —
(v,) c 2n + 1 m2v? 2
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Micro-bunching in the Undulator ™

« The interaction of particles with the resonant EM wave can create energy modulation in the
particle beam.

» As particles move along the curved sine-like trajectory, the different path lengths can in
turn create density modulations along the beam.

Initial noise in density distribution
- Energy modulation
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« Aninitial EM wave of resonant wavelength can be external (Seeding) or can emerge from
the noise that is always present in the beam (SASE.: Self-Amplified Spontaneous

Emission).
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Single-pass FEL

In a single-pass FEL, the radiation has to grow within a single passage of the beam
through the undulator (either seeded or SASE type).

The need to use single-pass systems is actually a necessity dictated by an absence of
good mirrors in the X-ray spectral region.

The single-pass system has to be a high-gain system, which puts extreme constraints on
the quality of the electron beam, as well as on the accuracy of the undulator.

In the high-gain system, the gain is so large that the EM wave amplitude changes within a
single pass in the undulator.

Saturation

F i i Exponential growth

0 5 10 15 20 25
Length / gain length

Moses Chung | Lecture 6 Synchrotron Radiation and FEL 39



WNisT

NNNNNNNNNNNNNNNNNNNNNNNN

Self-seeded FEL = ‘eemam

* Inthe SASE regime, the FEL lasing starts from noise - Each individual beam slice can
generate radiation at slightly different wavelengths near the resonant wavelength, and,
moreover, the amplitude of the radiation coming from each slice can be slightly different.

Bending magnets

SASE FEL Self—seeded FEL
e- beam ?_ S e:beam
B [ I N, :

P
I_ﬂﬂﬂﬂm_,k Crystal monochromator I A Y

-> Filtering out other than the desired wavelength

* Inthe self-seeded FEL, before entering the second part, radiation generated in the first
part is passed through a crystal monochromator.

« The second part of the FEL is thus seeded with narrow spectrum radiation, which
continues to be amplified along the way in the undulator; the resulting output spectrum of
FEL then contains a narrow peak.
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Beam laser heating

The generation of femtosecond-short X-ray pulses requires fs-short electron bunches.
However, the creation of short bunches in bunch compressors can be complicated due to
CSR effects that can cause instability and microbunching.

Instabilities can often be suppressed if the beam has sufficient spread of its relevant phase
space coordinates (the energy spread in the case of CSR instability).

The beam energy spread coming from a photocathode gun is extremely small, and
insufficient for suppressing CSR instability.

A method has been developed at SLAC to introduce additional uncorrelated energy

spreads into the beam: Laser heater.
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Beam laser slicing

A technique that selects a femtosecond short portion of radiation from a much longer initial
electron pulse. - Suitable for generating femtosecond synchrotron radiation pulses even
for ring-based 3™ generation SR sources.

A very short laser pulse overlaps with the center of a longer bunch in the undulator or
wiggler. The laser wavelength matches the undulator resonance condition and produces
modulation of energy in the short beam slice.
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Synchrotron radiation in

Short energy modulation converted into .
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spatial variation using a dispersion beamline
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Plcosecond electron bunch

- Femtosecond laser pulse
- Bending magnet

The SR corresponding to the short portion of the
e-beam

electron beam can be transversely separated
from the rest of the pulse using collimators.
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Beam laser harmonic generation

ULSAN NATIONAL INSTITUTE OF
SCIENCE AND TECHNOLOGY

Harmonic generation is the technique that can help to produce X-ray photons of much

higher energies.

An FEL would normally generate primarily the first harmonic. In order to primarily generate
a higher-order harmonic, external seeding is required. There are, however, no conventional

lasers of appropriately short wavelengths that can be used for such seeding.

A technique invented by G. Stupakov is currently solving the problem: echo-enabled

harmonic generation (EEHG).
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