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Part 1
Introduction to FEL

Light are photons (individually)
_and EM waves (collectively)

©C photons each with energy proportional to frequency

A A

there are many photons, light also behaves as a travelling
electromagnetic (EM) wave

Bmlflfbm.fllkm.fllzm c=3x10°m/s
L (W Wy

The electric field E and magnetic field B of plane-polarized light are
perpendicular to each other and also to the direction of propagation

E(z,t) = XE, cos(kz — ot + ¢)
B(z,t) = yB, cos(kz — ot + @)




Light Amplification by Stimulated
Emlssmn of Radiation (LASER)

pump

total partial
reflector reﬂector
g

/

ol gain medium

i\

W

Population inversion Amplification (gain)
by stimulated emission

v

Quantum lasers use electrons bound to discrete atomic or
molecular energy levels and thus produce fixed wavelengths

FEL gain medium is relativistic
electrons traversing a wiggler

w . Wiggler period
. electron beam energy
a,, . dimensionless wiggler strength
0 : observation angle

Relativistic factor Electron average speed rms wiggler parameter

1+a’
Bl T———=3

Tl




In the time it takes electrons to traverse
one wiggler period, the light wave
travels one period plus one wavelength

ngler penod

' Wavelength

rms wiggler parameter in
practical units

__Total energy a, =0.66B,(T)A,(cm)

eriod
_Electron rest energy RS

magnetic field
(0.511MeV)

‘@ Broad spectral bandwidth

= Critical photon energy

e,(keV)=0.66E(GeV ) B(T)

Total flux (photons/s/0.1 ZBW)

K =0.983B,(T)4, (cm)

0.01 0.1 1 10
R = \/Ea“, Photon Energy (keV)




Undulator Radiation

Small deflection (K ~ 1 - 3)

Undulater ;

Wiggler

Smaller cone angle

Dipole

Narrow linewidth
Aﬂz l ' ' 1 ' IE
SR 20 4C 60 80 100
A N Photon Energy (keV)

Brightness (ph/s/mm?2/mr2/0.1 %BW)

Wavelength
n : harmonic number

A

m

Undulator spectra contain many harmonics

Energy Transfer in FEL

Lorentz force on electrons

F=—c[E+(vxB)]

hg " Magnetic field changes the electron beam’s momentum but not its
. energy because the direction of magnetic force is always
" perpendicular to the electrons’ motion. Energy transfer is possible
with the light beam'’s electric field.

Light only has transverse electric field, so for energy transfer
between co-propagating electron beam and light beam to occur, we
need a sinusoidal magnetic field to give electrons oscillatory
transverse motion to interact with the light beam’s electric field.




Motion in x direction

Energy Exchange between
_E[ectrons and Optical Field

w b .:‘_
d

Plane-wave transverse electric field

E (z,t)=E_,cos(kz — wrt)

d 2
(ymoc ) Ml sin(k,,z) cos(kz — t)

dt %

d(ymocz) eKE

“2sin((k, +k)z-ot)

cdt y

Divide both sides by m,c?

— j/iig sin((k, +k)z-at)




Evolution of Energy Change with
respect to Resonance Enerc

L -E'Ieg:t'ra.n_.ener_gy loss is small relative to its initial energy, i.e. Ay <<7.
Define ehange in'energy as relative difference between the electron
energy compared fo the resonance energy

AR
VR VR
1

R
R ¢ (A7)_d (7-7a :_(ﬂ
B dz\ v, ) dz\ Ve \ dz

Rewrite energy evolution in terms of relative change
in energy to the resonance energy Ay/ yg and a

A7]=—h*fgnﬂk+&gz—wq

VR

) (k, +k)z—ot+y,

Average longitudinal velocity

) [ 1+a2,)
v, =c 1——2“
2y,

Wiggler wave-number
= 2_” =k (l + ai)
w l




Evolution of energy difference relative to
resonance energy depends on sine(phase)

Evolution of phase depends on energy
difference relative to resonance energy

Dimensionless phase & velocity

g:i Y4
2k, i

Coupled 1%t order differential equations

Particles follow elliptical trajectories corresponding to different energies.

H=—-=cosf
l '
oo- l-.'- :* :: .n -o. __g g
0 ato ofion) and _—[_ —§<H<§ l <H



Phase-space Motion of Electrons
~in Ponderomotive Wave

-~ f_._'_'_-

-3 '_At‘z =0 ird} _ il _ =y Electrons are
i (wiggler entrance) e unbunched

Atz =10 Eg g PRl i ) Electrons have
(middle of wiggler) ' [ 4 : energy modulation

Electrons are

Atz=16 L, bunched in time

(wiggler exit) il (density modulation)

=
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These phase space diagrams show
three buckets, each one wavelength
long, that grow in height as the FEL
intensity increases. Atz = 18L,

electrons become overbunched and
start to absorb FEL light. The bucket
height will decrease at longer z.
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From Ultraviolet and Soft X-ray Free Electron Lasers



At entrance to the undulator Exponential gain regime Saturation{maximum bunching}

" Undulator radiation FEL radiation

Electrons with random phases Electrons bunched at radiation
emit incoherent radiation wavelength emit coherent light

FEL radiation has 10° - 10'° more photons than undulator radiation

Courtesy of DESY and Michael Borland

| ch tunable

3

: Blffracﬂ%ﬁ Ifiﬁited opttcal beam

Gamma A-rays mm-wave pwave
al ¢ rvvned ¢ogm
0.1nm 1nm 10nm 100nm 1u Ju  100p 1mm  10mm 100mm A

10keV 100eV 1eV 10meV Photon Energ\‘a

10GeV 1GeV 100MeV 10MeV Electron Beam Energy




How an RF-linac FEL works

( fﬁ\
9
Al

total 3 partial
reflector reflector

FEL macropulses

" FEL micropulses
- II

RF wave train . "' |

L AVAVAVAVAVAVESS s

FEL micropulses are typically a few picoseconds long and separated in
time by a few nanoseconds. Macropulses range from us to seconds.




SAgaY Number of photons
Brilliance= — e o
“fime bandwidth ¥“unit area x unit solid angle

A
£y, K
Y 4x
Longitudinal emittance is Transverse emittance is
expressed in time % bandwidth expressed in microns

3 <x-x>#0 <x-x>=0
o Byt

Emiltance is defined using ensemble averages, denoted by < >, of x? and x'?

and' X=X correlation. The correlation vanishes at the waist (upright ellipse) and
rms beam emittance becomes o, 0, where o= /(x*}

=yl ) is the rms radius in x
and 5 — <x’:} is the rms spread in x_. S

Ensemble average of x? At the beam waist

8rms,x = O-x O-x'




Longitudinal Emittance

Electron beam's energy spread must be smaller than the electrons’
velocity spread over the interaction length.

For oscillator FEL, interaction length ~ wiggler length

For SASE and amplifier FEL, interaction length ~ gain length Mg D

d

Uncompressed electron beams have small energy spread and low peak
current. Compressed beams have high current and large energy spread.

4

XFEL

FLASH
{ry LCLs
.// FLASH

PETRA Il 20m ID

FEL peak brilliance is orders
of magnitude above SR
thanks to low emittance,
sub-ps bunch length, and
FEL amplification.

Peak Brilliance [Photons/(s mrad” mm- 0.1% BW)]

Energy [eV]




Part 2
Wigglers

Linac Coherent Light Source
iggler (Undulator)




Magnetic Flux Density B and
Magnetizing Force H

" M-agnéfl‘efﬂuxadensity B (aka magnetic induction) is in unit of tesla (T).
Magnetizing force H (aka magnetic field strength) is in unit of A/m. In
S\Viacuum;, B and H'are related by the permeability of free space,

g =4n x 107 T-mA-"

Magnetic flux density is increased in the presence of a ferromagnetic
material by its relative magnetic permeability, pi,

Relative permeability of common magnet materials ~ 1.05
Relative permeability of vanadium permendur ~ 7,000

B-H Curve of Magnet Materials

Normal working point

s
27 quadrant 1st quadrant

-H,

3rd quadrant (demagnetization)

A PM (BH)max | Remanence | H, Coercivity | Radiation |
Remanence - coercivity trade-off el (kJ/md) (mT) (kA/m) Hardness

SmCo have high H, and lower B, Rsiia s ) High

rem
NdFeB have high B, but low H, | 220 | 1000-1100 | 2000 Medium

rem

300 1100-1400 Low -
Medium




Permanent Magnet Wiggler
Designs

TSk

. Hallbach Design

Peak magnetic field on axis

L
Y. A, Note magnetic field increases as we go
BO e (1 '78T)Bre away from electron beam axis

To maintain high field, wiggler gap must not be larger than /5 wiggler period

Vanadium Permendur

Hybrid wiggler design replaces up/down
magnets with vanadium permendur




Planar wigglers focus e- beams
in the y (vertical) plane

‘Planar wiggler with infinite x dimension
B =0
B, = yB, cosh(k, y) cos(k,2)
B. = —zB, sinh(k,y)sin(k,z)

Velocity in x B, is zero

"’c]sin(sz) Expand B, about y—

:

Divide both sides by c? to convert to
24 derivative with respect to z

Betatron Motion

Wiggler motion in x

W

Betatron motion is slow, large amplitude motion in the y direction over
many wiggler periods due to gradient of B, along the y direction. The field
amplitude is proportional to the square of deviation from the center.

B, =B, I:l+(kwy)2:|cos(sz)




d°R

Find matched beam envelope radius by setting v to zero
dz

Matched beam rms radius

B =\ a

wow

With single-plane focusing (planar) wiggler, the electron beam is focused in y
at the entrance and in x in the wiggler of the wiggler. The beam is elliptical at
the entrance and exit, and round in the middle.

Slotted Pole Face

T

L

b |
o ol el

Approximate x? dependence of B, at the center

1

Magnetic field along the x axis in a two-plane
focusing wiggler. Note the parabolic dependence
similar to the field of a sextupole magnet.




Matched Beam for Two-plane
(Weak) Focusing Wiggler

Equal two-plane focusing Matched beam rms radii in x and y

k =

Focusing in y is distributed to focusing in x in natural focusing wigglers.

Transverse and Longitudinal
__ Velocities
:'I'i'a'h‘s_ife?isef-\'felocity in x \/_ Dt

d
v.’(

T

The average electron velocity is constant, so the longitudinal velocity is
reduced when transverse velocity increases

Use small x approximation (1+x)”* =1+ % x
Longitudinal velocity

— (1424’ sin® (k, ))J




Figure 8 motion

Average velocity of electrons Motion in electron’s rest frame

Electrons’ velocity is modulated at
twice the wiggler period

2
V. =0+ %cos@sz)

Figure 8 motion gives rise to harmonics in undulator radiation
and reduced FEL interaction strength in a planar wiggler

"
petween J, and J, Bessel functions

JI (€)= J, (€)—J, (&)

Jo - J1 versus aw

JJ(€) < 1 — gain reduction
due to figure 8 motion
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Part 3
Spontaneous Emission, Gain &
Efficiency

Spontaneous Emission Spectrum

__ey’N]N,
| dwd() 2me,c

<[ JJ(a,)| [ bis:

A wave train with N,, wavelengths

has refative bandwidth equal to the

inverse of N,

VYWYV

Spontaneous spectrum is the

Fourier transform of a rectangular
train of N, waves




Number of Coherent Photons in
__Spontaneous Emission

_.1;:# Coherent spectral bandwidth Coherent angle Solid angle

Aw 1 A 5 £ T
= 9 = [— 7T€ —
s g N di NA,

Number of coherent spontaneous photons per electron does not depend on N,,
2
where o = fine structure constant Y | a2
photon 2 W
: —2 — ra| S (a,)] -
e 1 N let-as

~o g

" hicdme, 137

Spontaneous emission has several
harmonlcs of fundamental frequenc

) ‘ j
ol . v Second harmonic 2w

100

Third harmonic 3w Fourth harmonic 4w

Relative
Intensity

DUCRD 000

Color codes depict radiation intensity not wavelength 2w .I 3¢I.o. 7

Frequency

Harmonics are produced by figure 8 motion of electrons in planar wigglers
(spontaneous emission of helical wigglers does not have harmonics)




Madey’s Theorem

| M:adey*'s“:_ theorem: The FEL gain spectrum (gain versus energy detuning)
1S the derivative of the spontaneous emission spectrum.
_ 4(4mpN, )

i
g, (A= T[I—COSA ~ sin A]

Maximum gain occurs at positive
getuning = 2.6, zero on resonance
and negative (absorption) at
negative detuning.

A=27nN, (A—l]
A

Madey's theorem predicts equal
gain and absorption off resonance.

FEL gain>0

'éiéc!rons' energy = A2 . _
Resonance energy N - e n FELgain=0

Electrons’ energy < / e
Resonance energy BRI/ T/ | FELgain<(




Low-Gain, Small-Signal (Low-Field)
Gain Spectrum

Gain scales linearly with
peak current (not average)

Y

Peak of gain curve shifts
toward larger detuning
(~3 instead of 2.6) due to
optical diffraction. Gain is
negative (absorption) at
resonance wavelength.

e

LN I
'k \ ’ S P
-6.072 | -k P -0.982 1f 0,982 | 2945 | 4909 6472 | BHI6

Small-Signal Gain

Detuning (A)

Low-Gain, Large-Signal
(High-Field) Gain Spectrum
A% Gain curve shifts to longer
wavelength (larger A)
Peak gain is reduced

Gain spectrum is broadened

f).982 2945 4909 6.872

Detuning (A)



Gain Saturation

Gain decreases at high input power
Power saturates when gain = loss

" For oscillator FEL, this is intracavity
power, not output FEL power

Optimum outcoupling ~ % of g,
As an example, if the outcoupling is 2%,

the intra-cavity power saturates at 3
GW and FEL external power is 60 MW.

Note these numbers denote peak
power; to get FEL pulse energy, multiply
peak power by the electron pulsewidth
(FWHM for a gaussian pulse).

- Smallsignal gain refationship to p

g, =2(27N,p)

The small-signal gain is proportional to the cube of the interaction
length in the low-gain regime. As the number of wiggler periods
iIncreases, FEL power grows expaonentially with z instead of z3. With
exponential power growth, the FEL is in the high-gain regime.




needed for power to grow by 2.7

cars s Datale ) Saturation

2=
o
[--]

—_
o
=)

iy Seed laser power is reduced by 9 Bt

Jue 10 mode competition (growing,
decaying and oscillatory modes).

Power (W)

In a long wiggler, power grows
exponentially with wiggler length

I |
6 8

Wiggler length (m)

B00

3000

1000 [

Small-Signal Gain

Detuning (A)

Gain curve shifts to shorter wavelength (smaller A) and higher peak gain
(diffraction is reduced by optical guiding). There is gain at resonance wavelength.




Example:
JLab FEL oscillator

N, =30
Av,.. = 1.6%

. i beam's energy is reduced along the wiggler, the resonance
- cone Shifted foward lower beam energy. To maintain resonance, the
. ‘wiggler penod OF & must be reduced. It is easier to change the wiggler gap
- g to change the wxggier parameter a,and thus the resonance energy.

Resonance condition at z; + Az

Rate of resonance energy change with respect to z

iyR —~k,a,a,[JJ|sin g,

d w w S
Energy taper vs. taperin a,,

. &yl a. d|Aa,
dz 4 l+a dz g,




Ponderomotive Potential

o

H=52-+V(;)

Uniform Wiggler Linearly Tapered Wiggler

:_Z—le—lalsin(§+¢R)+sin¢R

New term in pendulum eq.
= phase acceleration

Phase acceleration

TS R -
- Y o kaa, dz\ v,

WS e




Efficiency Enhancement with a
Linearly Tapered Wiggler

Tapered section starts here

Power (GW)

Vi
.//
/ Tapered
//

/‘f Untapered

12 14 16

Depending on the trapping fraction and taper length, tapering can increase
the power by 2 — 5. The electron trapping fraction decreases with
increasing resonant phase and becomes zero if resonant phase = x.

Courtesy of Henry Freund

Efficiency Enhancement with
Energy Recover

Osclllator FEL efficiency is typically 1%. The spent electron beams still have
| ~99% ﬁff-(ﬁé{.l{liﬁa[energy. Dumping the high-power electron beam is wasteful
and ereates radiation hazards (E,,,, is beam energy before the beam dump).

E. e

Decelerator

Accelerator Accelerator

Beam Dump
. Beam Dump

Without energy recovery With energy recovery

With energy recovery, the efficiency of electron-to-FEL conversion is
enhanced by the ratio of beam energy at the wiggler to beam dump energy.

_E
2N,E,

ump

I'L:I«:clrun-l'" ELT
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Part 4
Optical Architectures

Gain & mirror relectivity
determine optical architecture

IPlliEiSEontaneous Emission (SASE)

¢ l'd',e.d Amplifier (or Pre-bunched Amplifier)

mirror

@

QOscillator

UJ
UJ I




Self-Amplified Spontaneous
Emission (SASE)

' -;;ﬁféfl‘-—fféﬁh?spontaneous emission (noise)
- Use very long wiggler (undulator)
= Rely on very high brightness electron beams

L

= Saturate in a single pass

LCLS Undulator

Courtesy of P. Emma

A=15A "l Saturation ]

E =14 GeV §

V&, = 0.4 pm (slice)

I;=3.0 KA

o /E=0.01% (slice) =~
+

/
vy
/
/

L;~33m

«®

3
5
210
]
e

Exponential growth :

~

—
fan:

* measurements (04/26/09)
GENESIS simulation

30 40 50 60 70
Active undulator length (m)

Courtesy of Paul Emma




SASE output is chaotic
~ tem norally and spectrall

dEd @ [md%)
=
[=]

g

0.0 005 000 005 0.0
Anle [%]

Temporal profile Spectral profile

SASE temporal profile consists of several spikes. The corresponding
spectral profile FWHM is inversely proportional to the spikes’ temporal
width. The narrow specitral line is the inverse of the full temporal pulse.

SASE spectrum is slightly narrower

than sEontaneous emission

U] Lk 12 11T il {1 | i il TR L

? LU r ] [ i T S I [ I T T T 1 E_!L s E" _ &
40 g— M' Ao NURE ax10* E- % =
)
2 0E #H' g Fax10°E =
e E I | 3 a 5 =
20 E- y = 2x10° £ iE
P L
10 & I H —= 1x10° E- »ﬁf‘ -
0 EJ—l IR N NN N N AT ?\MI L -§|' ; PR W T N S L ANINE ) g s ts §
0 500 1000 1500 2000 0 500 1000 1500 2000
A (nm) A (nm)
Incoherent Spontaneous Emission SASE near saturation

Shot-to-shot fluctuations depend on the number of spikes in the radiation pulse.
Al 1

I M

Courtesy of Phil Sprangle



—_— —

= Start ffom a coherent optical beam from a seed laser

» Reduce wiggler length needed to reach saturation

» Reduce spectral width and fluctuations, increase coherence

,Seeded Amplifie

Towar (GW)
i

Less chaotic
temporal profile

Narrower spectrum

a3 03008 0301
Waveleagth (am)

Courtesy of Henry Freund

Seeded Amplifier
101

Saturation

-
o
@

Exponential growth

—
3

Exponential growth

Power (W)

2
Power (W)

-
(=]
]

Seed power

2

Noise g
b ] | | ] 1 | |
2 4 6 8

6 8
Wiggler length (m) Wiggler length (m)




Seeded Amplifier Experiments
~ with Different Seed Power

—— Seeded!
—a— Seeded2
——Seeded3
--x=-SASE x 100

Energy [a.u.]

z-axis [m]
Three orders of magnitude FEL
gain was observed.

Courtesy of Jim Murphy

_uce\wggléf I€ngth needed to reach saturation

" ' Rely on some elecg‘ﬁﬂ mlcrobunchlng schemes

For SASE, the initial bunching is due to shot noise so the square of b,
is simply 1/N, and the SASE start-up is spontaneous emission. For
pre-bunched electrons, the start-up power is
IE,
Pprebumh O 22’|b | ( P ]




Pre-bunched Amplifiers also
Have Shorter Saturation Lengths

80 100

Magnetic Field in & Single Electron Motion
Vertical D|rect|on in Horizontal Direction

j i LN\ ﬂ” o “ s"ﬂ\
. \ " / \Wm?

Lower Energy {&i\

a::;

| b i
L et
e J m/.f""ghere“ergy
= persive Section

Energy modulation Density modulation




IGNSIaway {o generate short wavelength radiation using a low
enefgyeleetion beam and a long-wavelength seed. HGHG requires high
quality electron beams (ones with low emittance and energy spread).

Input seed overlaps Energy modulationis  Electron beam radiates

electron beam in converted to spatial coherently at harmonic of seed
energy modulator. bunching in chicane. in long radiator undulator.

Modulator is tuned  Harmenic bunching is Radiator is tuned to seed
to seed laser energy. optimized in chicane. harmonic (now fundamental).

mirs r:?:é::io:--feedback a small fraction (<1%) of FEL beam
‘i_j_‘f.' =
ta-éeaaé@.ﬁmpliﬂer except it does not need a seed laser

R Cavity length has to be multiple of electron bunch arrival time

Cylindrica
mirror

!Outcoupler




RAFEL saturates with a few electron
bunches through the wiggler

‘ FEL macropulse
f

-

FEL microptises

RAFEL micropulse power fluctuates between high and low values,
caused by feedback fraction exceeding the optimum value.

RAFEL output power peaks at
low feedback power

1E+m - " b - . — e A
1.E402 1.E+03 1.EW04 1E+05 1.E+06 1.E407 1.E+08

Pin (W)

Optimum feedback fraction is only 104 which makes RAFEL
possible with poor mirrors (such as mirrors at x-ray wavelengths).




Oscillator

= Use mifrors to feedback a large fraction (>80%) of FEL beam

. If'cavity loss'is low, the remaining power exits optical cavity
« Can tolerate a low-quality electron beam
(g QOptical cavity determines the optical mode to a good approximation
: - Cavity length has to be exactly multiple of electron bunch arrival time

';'-‘j'(_)scillator has the highest average power than any other architectures

|

Outcoupler

PR NThe optical resonator consists of two concave mirrors with radii of
‘eurvature R, and R,. The mirfors are separated by a distance D.

m A measure of stability is the overlap between two foci of the mirrors.

= The Rayleigh length is a measure of the FEL beam’s divergence.
The shorter the Rayleigh length, the larger the divergence.




Slippage and Lethargy in FEL

Resonance condition dictates that the FEL pulse slips ahead of
glectron pulse one wavelength every wiggler period.

In the small-signal regime, FEL pulse is pulled back by slower electrons.
Near saturation, FEL pulse travels at speed c as gain is reduced.

~
FEL gain / %

L) LIl I

Ll
-30 -20 -10
Optical cavity detuning / um

Cavity length must be within a few wavelengths of the correct length.
Cavity length for max gain is slightly shorter than that for max power.




Wiggler
(o )
A A e

High Reflector Qutcoupler

Jefferson Laboratory FEL has produced 14kW, the world record of
FEL average power, thanks to energy recovery linac design.

.
° I:c?s Alamos

MATIONAL LABORATGRY

Part 5
Electron Beam Transport




Curvilinear Coordinate

Trajectory of
reference particle

X

Electrons travel in the s direction. Use (X, ¥, s) coordinate system to follow
the reference electron, an ideal particle at the beam center with a curvilinear

trajéctory. The reference particle trajectory takes into account only pure
dipole fields along the beam line. The x and y of the reference trajectory are
thus affected only by the placement and strength of the dipole magnets.

For other electrons, define x' and y' as the slopes of x and y with respect to s

r

dx dy
= ==
3 ds

ds

Phase Space Ellipse & Emittance

S %Fl\lf?-lT,:l:lll[‘I I ||1

Beams are treated as a statistical distribution of particles in x-x (also in y-y
and y-ct) phase space (particles on x'-x plot). We can draw an ellipse around
the particles such that 50% of the particles are found within the ellipse. The
area of this ellipse is & times the beam emittance.




Beam Envelope

| |
converging | waist \ diverging

Electrons with x* > 0 drift to the right; those with x’ < 0 drift left

B function Emittance (un-normalized)
Property of the lattice Property of the beam

The beta function is useful because it describes the beam'’s size
(square root of beta) and the maximum amplitude of beam’s
envelope, and it also tells us where the beam is sensitive to
perturbations.




Single quadrupoles focus
electron beams in one direction

Quadrupoles focus electron beam in one plane, defocus it in the other
plane: A round Geam becomes elliptical after traverging a quadrupole.

quad

| D;polesbgnd glectron beam at an angle depending on its energy

méﬁ&energetic dipole with B field pointing into page
incoming beam

bent beam
Bend angle

B
tanez—ec 7

bend radius P_,f'

b

Bend radius B(T)

——(m")= 299'8—Eﬁ4e—1/)

yo,

Magnetic rigidity

Bp:ﬂymoc:Eb
e C




——— e e . - = e e e e  a e— —— e —

Dispersion Bunch compression element

Transfer matrix is a 6x6 matrix that performs linear transform of a beam
vector at the input location to another beam vector at the output location.

2x2 Transfer Matrices of
) Quadrupole

{ focuses beam

Vi) sin(Vel) -

cos (ki) L F quad defocuses beam in y

>
:

Jk

} cosh(\/Zl) Lsinh(\/;l) {
ut —ﬁsinh(ﬁ/) cosh(ﬁ/)

Field gradient

Magnetic rigidity

'}
n




Triplets focus electron beams
in both x and y directions

Evolution of electron beam envelope through a quadrupole triplet

Transfer Matrices of
~a Quadrupole Triplet

) Combining matrices in the order: elements closest to the input beam
L on the right hand side (next to input vector) and work toward the left.

E gt
—=sinh @, |7y 0 cos @, ——=Ssing,

i 3

0
cosh @, —\/7;, sin g, oS ¢,

L s RA
4) cos ¢, ﬁsm(p3 [1 l, cosh g, ﬁsmh(o,

0 1 0

1
—\/7‘6: sing,  cosg, —\/E sinhg,  coshg,

1
D quad drift F quad




‘ ﬁ"‘(t_};am envelope)?
v ~ (beam divergence)?
"~ angle in phase space
tan(2¢) = m
o= 0 upright ellipse (waist)
a > 0 diverging beam

a < 0 converging beam

Courant-Snyder invariant

vx +2axc' + fx* =g

Dipoles are used as energy spectrometers to measure beam’s energy
(from known bend radius and magnetic field) and energy spread.

Pibilbids




Two dipoles translate & disperse
“electron beam into a new line

)0

poly-energetic dipole with B field pointing into page
incoming beam

dipole with B field pointing out of page

Achromatic: different energies come back together in space
Isochronous: different energies come back together in time

The above two-dipole bend is neither achromatic nor isochronous;
low-energy beam (red) takes longer path than high-energy (blue).

Achromatic Bunch Compressor

outgoing
beam

dipole with B field pointing out of page

This two-dipole bend is achromatic but not isochronous.
Three dipole bend can be used to compress electron bunch via M.




Chicane Compressor

* Chirp electron bunch by accelerating it off-crest so the leading edge
(left) has lower energy than the trailing edge (right)

« Put energy-chirped electron bunch through a chicane
* Chicane compresses long bunch to shorter bunch (higher peak current)

Coherent Synchrotron Radiation
(CSR)

1
d(Ct) 3 472'80 3% (27[)% R%O-z%

* CSR-induced energy change combines with dispersion in the bunch
compressor to produce an emittance growth.
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Ideal Bunch Compressor
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Real Bunch Compressor
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CSR increases electron beam’s
~emittance and energy spread

CSR-induced
energy spread

CSR-induced
emittance

Part 6

RF Linear Accelerators




= ™
Transverse electric, magnetic Transverse magnetic Transverse electric

TEM modes in coaxial TM modes in cylindrical TE modes in rectangular
transmission lines; waveguides; waveguides;
used for power used for acceleration used for high-power
transmission transmission

Electric field accelerates electrons and increases their energy.

E.(r,z,t)= EyJ,(k.r)cos(kz —wt)

r=0 F=ia

E w : : : j
B,(r,z,t)=—2—J,(k r)sin (kz —wt) beam axis equator
L




Standing waves exist in multi-cell cavity if each cell is one-half wavelength
long. The waves' absolute amplitude are time-dependent but the relative
amplitudes remain constant with time. Electrons injected at the correct
phase are accelerated during their transit through the accelerator cavity.

The color of the electron bunch denotes its energy (red = low; blue = high)




Low-energy |
beam \

The color of the electron bunch denotes its energy (red = low; blue = high)

IL High-energy

The color of the electron bunch denotes its energy (red = low; blue = high)




Low-energy
beam

The color of the electron bunch denotes its energy (red = low; blue = high)

Single Pillbox Cavity

The color of the electron bunch denotes its energy (red = low; blue = high)




Multi-cell Acceleration

Stored energy

_t LGl

- Ohmicloss =

255377 Q

L
— Geometric factor

Cavity Q is the ratio of stored energy to power loss per cycle. Stored energy
IS proportional to volume and power loss is proportional to surface area.
Geometric factor depends only on cavity shape, and is independent of
material, size or frequency. Typical G is about 270 € (the higher the better).




Resonance frequency

1
Wy = —F—
1z

Cavity unloaded Q

R is shunt impedance, not resistance

Shunt impedance is a measure of how efficiently a cavity utilizes RF power
toward accelerating the beam. Cavity power per unit length is equal to the
sqguare of transit-time corrected gradient divided by shunt impedance (M<Ym).

B & Packing factor: length of active structure/total length

-

@ Real-estate gradient

For ew SRF cavities at 1.3 GHz, the peak on-axis accelerating gradient is about
35 MV/m. The transit-time corrected gradient is about 17 - 20 MV/m. With a
packing factor of 0.6, the real-estate gradient is 10 - 12 MV/m.

1 YYYvY
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Fundamental Power and HOM Couplers




SRF / NCRF Comparison

SRF Nb (2K) NCRF Cu (RT)

%10 2% 10

[x10" Q/m 2x107 Q/m
o (@5 MV/m) 2.5 W/m | MW/m
P, (@ 20 MV/m) 40 W/m 200 MW/m

Tl I's D US

Courtesy of Tom Powers

RF Superconductivity

Beam tube

Complete magnetic
Magnetic field shielding by circulating
sullace sq)ercl.lrenls .

Magnetic field

=
&
]
2
=
S

Equator

Superconducting RF Cauvity

» Low ohmic losses (efficient RF usage) Niobium properties
» Gradient is limited by critical B field T.is 9.2K

At 2K, H,is ~0.2 T




Surface Resistance of Niobium

= == ;
- %1040 L lexp -17.67
1.5GHz T

T

Surface resistance has 2 components:

= BCS resistance (that depends
exponentially with -1/T)

« Residual resistance (that depends on
surface quality, trapped flux)

Treat Nb surface and shield cavities
with mu metal to reduce ambient
magnetic field and residual resistance.

Typical R, for good cavities < 20 nQ2

E and B Fields in SRF Cavity

4 AL

Peak electric field Peak magnetic field

_

/__----

T

High magnetic field area

i +~— High electric field area A

High electric fields cause field High magnetic fields cause
emission — Q degradation RF heating — quenching

Courtesy of J. Sekutowics



Low power test
Cavity ACT2

High power pulsed test 1Hz
High power pulsed test SHz
Accelerator RF test

Good cavity

Q-disease

20

E,.. (MV/m)

Quenching is caused by surface magnetic exceeding H, (~100 mT)

Q disease is caused by hydride formation — avoided by cooling quickly or bake
Q slope is caused by surface oxygen — reduced by baking

E;qtemal.a-: IS optimized for a particular beam loading condition (current)

Cavity gradient

Off-crest phase
~1kQ2

Beam current
Cavity loaded Q

1 Cavity bandwidth

—_—
~

. W,
£ bk~ O bl Aw=—
0,

For a typical SRF cavity, loaded Q is equal to the external Q which is

optimized for a given beam current and off-crest phase. Typical loaded Q
is ~10°, much less than Q,. Loaded Q determines the cavity bandwidth.




Cryomodules house SRF cavities, RF, vacuum and cryo hardware

+ A typical cavity consists of 5 — 9 RF cells

» Each cavity is connected to an RF source with phase & amplitude control
« Each cryomodule houses several cavities

* Other hardware includes RF windows, power couplers, tuner and shields.

from Bob Rimmer’s ERL 2007 Presentation

High-Power RF System

cavity
circulator coupler

\

ﬂm @ﬁ_

g matched load

Z, = characteristic Klystron power P, sees matched impedance Z,only
impedance of at a specific beam current. Otherwise, RF power is
transmission line reflected from the cavity and redirected into the
(waveguide) matched (water-cooled) load.

+P

Conservation of energy: &
9y 1)jbr oD })ref




Wakefields

A relativistic electron bunch drags along electric field lines that are mostly
transverse and terminate perpendicular to a perfectly conducting surface.

— relativistic electron bunch in beam pipe

The same electron bunch traversing a discontinuity such as a cavity
generates wakefields that can disrupt subsequent electron bunches.

from Paolo Craievich’s PhD Thesis
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Transverse wakefields couple power into
higher order modes (HOM) of accelerator
cavities and cause beam breakup instabilities.




™

JLab high-current cavity
1 ERL team cument

bunch length 3cm

Higher order mode power

P HOM — 2Qb klo:s ]ave

—_— 4=
'Y

(y) Wwauno Luueaq

-
5

Q, : bunch charge

Real Part of Cavity Impedance ()

Kiess - lOss factor (~10 V/pC)

J - |, : @average current

Frec;&ency (:G:Hz)
Monopole modes excited by on-axis beam

Higher order modes (HOM) have to be damped to avoid transverse beam
deflection that could lead to beam breakup instabilities (BBU).

from Bob Rimmer’s ERL 2007 Presentation

Longitudinal wakefields cause energy depression in the same electron bunch
and introduce curvature in energy-phase distribution. Keeping the electron
bunch long reduces longitudinal wakefields.




Same cavity energy recovery

" Electrons are accelerated
i e —

A+ E

\
/\ Electrons are decelerated \

Courtesy of Dave Douglas
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Electron Injectors




DC Injector and Booster

Laser Beam

SRF Booster

1
Vv, £

GaAs photocathode .- 7 = Electron Beam
i

|

Beam voltage loss Voltage gain in booster
due to fringe field l

- Beam Voltage

X
V. hJ

Distance from Cathode

DC Electron Gun

CathodéLElectrode
(-350 kV)

N
\ Photocathode

Il Anode Plate
(ground potential)

Courtesy of C. Hernandez-Garcia



Gradient (MV/m)

) Energy (MeV)

Bunch charge (nC)

(um)
Bunch length

Photon wavelength (nm)
Photocathode lifetime

,&‘ljz' =¥ W LT R
1 A
— s el o
Xeﬂ Xdl Qf)
= X A

vacuum

T it

N Pl T

effective electron affinity

Aep = X —Pss

effective electron affinity

Loy = X~ s~ 90

The quantum efficiency (QE) of GaAs cathode is enhanced by adding a
monolayer of cesium to the surface. Cesium reduces the effective electron

affinity by lowering the vacuum energy level to below the bulk energy level.
Cesiated GaAs is thus a negative electron affinity (NEA) photocathode.



modelocked laser o
hamanic beam aperture
cryslal expander

injector

electron beam

RF coupling
RF signal
klystron Electrons are generated by laser pulses
in phase with the accelerating electric
field in an RF injector. The high electric
fields produce electrons with relativistic
energy at the injector exit.

circulator

Normal-Conducting RF Injectors

"LGLS 3GHz NCRF Gun PITZ 1.3GHz NCRF Gun

s by

LANL 700MHz NCRF Gun



NCRF Injector Performance

Pulsed NCRF High-duty NCRF
Gradient (MV/m)

 Energy (MeV)

Transverse emittance
(um)
Bunch length

B

f-.-t:'} '_.-'I_'":
Photon energy (eV)
Photon wavelength (nm)

Photocathode lifetime

Electron Photoemission from
- Semiconductor Photocathodes

| - 1 "N B _._
|

Conduction Band 40
Electron emission

a,\

Electron transp

w
(=]

hv

VV\V\L

Excitation

E

gap

Quantum Efficiency, %
N
(=]
|

=,
o
L

| Valence Ban

o

n-type layer vacuum

Quantum efficiency of CsK,Sb

Photoelectron emission from a semiconductor photocathode is a three-step
process, involving first excitation of electrons from valence band to conduction

band, followed by electron transport from the bulk to the cathode-vacuum
boundary, and finally electron emission via tunneling through a potential barrier.



% Dep. Chamber
100000

= RF Cavities (original- vac.)
1]

10000 —— —— Least Squares Fit

2 RF Cavities (improved-vac.)

1000

100

10

1/e LIFETIME (HOURS)

1

0.1

1.00E-12 1.00E-11 1.00E-10 1.00E-09
WATER PARTIAL PRESSURE (TORR)

Cesiated cathode lifetime depends strongly on partial pressures
of water and other oxygen-containing gases in the RF cavity.

Courtesy of Dave Dowell

E. = E,sin(wr +¢,)

Applied RF field must exceed space charge field to avoid shutting
off emission of photoelectrons during the laser pulse.




Emittance Compensation with
Solenoid Magnets in NCRF Gun

" o4 f . | =—rise time 0.0 ps
SOIen_O'd - | | =—rige time 0.5 ps
focusing

——rise time 1.0 ps
>< —rise time 2.0 ps
Cathode

- rise time 3.0 ps
i
%

Emittance (mm-mrad)

Bucking Coil E

e

Injector Cavity

e

Projected emittance decreases as different
axial ellipses rotate and align in

NPS 500MHz SRF Gun &




SRF Injector Performance

Gradient (MV/m)

4 | Eﬁergy {MeV)

Bunch charge (nC)

AR @ s i
Transverse emittance
(nm)

Bunch length
(ps)

Photon energy (eV)
Photon wavelength (nm)

Photocathode lifetime

Pt

’ I;)sAlamos

MATIONAL LABORATORY
EAr a4

Part 8
Backup Slides

Review Materials

SRF Injector
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Physical Constants

Speed of light : 2.9979 x 10° m/s
Permeability of vacuum 4, 41t x 107 H/m
Permittivity of vacuum 8.8542 x 1012 F/m
Free space impedance 376.73 (2
Electronic charge : 1.6022 x 109 C
Electron mass I 9.1094 x 10" kg
Electron rest energy 0.511 MeV
Classical electron radius 2.81794 x 10" m

Alfven current 1.7 x 104 A

Gauss' law for electricity Maxwell Equations

"N | ol d in simple forms
‘.. . % D = EOE
T — £
.Ti 4

- Gauss’ law for magnetism

Fé"raday’s 7Iaw

Vx]Z:—-(?E

ot
Ampere’s law
1 OE

VXxB = p,J +—— | mmne =’-
Ha ¢ Ot




Special Relativity

Allinertial frames are completely equivalent with
regard to physical phenomena

The speed of light in vacuum is the same for all
observers in inertial frames of reference.

longer e- bunch
yr
Lab Frame Beam Frame

Z pl

Transverse dimensions are unchanged

Lengths of moving objects along direction of motion is contracted
by 7(Lorentz contraction). The proper length of any object in its
rest frame is the longest.

Electric field lines are squished together (stronger) in the lab
frame and further apart (weaker) in the beam frame.




Wiggler period is contracted by y
in electron beam frame

Lab frame

~ Wiggler period in
beam frame

Wiggler field transforms into
__ field in electron beam frame

_ ATTDN
N

Beam frame P
, Electromagnetic field wiggles electrons at rest
y

- e BN AT
W

Beam frame




Wiggler EM field causes electrons
to radiate real photons at A’

Beam frame Wiggler electromagnetic wave
behaves like virtual photons
iImpinging on the electrons

Em,flkm,llﬁtm,llfﬁ
wallyy o Y

View from the top

Real photons scattered off electrons can be
viewed in beam frame as circular waves
radiated at wavelength A’

2

Electromagnetic wave fronts Electromagnetic wave fronts

emitted from a stationary radiator emitted from a moving radiator
as seen by two observers: the

right observer sees blue shift;
the left observer sees red shift.




Radiation wavelength is shorter
than wiggler period by 2y°

~ Beam frame

Doppler shift in forward direction

Lab frame

| @

E=T+m,c’ =ymyc”

! p=pPymyc
Momentum x speed of light e — 5’Ym 6'2
0

m,_c?

Tl’_\




