United States Particles Accelerator
School, FEL class notes, Wed.
afternoon and Thursday
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Wed. Lecture, part 1: FEL Seeding
Techniques



Different Types of FEL Seeding

There are many different ways of starting the FEL process. These can be

divided into 3 general categories:

Seeding an FEL with
electromagnetic radiation:

Seeding an FEL by pre-

bunching the electron beam:

FEL starts through random
noise (SASE):
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Seeding

Use eigenfunction expansion:

EX (2) = Z C; exp(aj Z)  Take first and second derivative...
j

E;(Z)=ZC,-06,-6X|0(04,-Z) and E:(z):ZCjafexp(ajz)
J j

In matrix form, this is written as:

(E \

E@)] 1 1 1)(cexp(ez))

E()|=|a, a a,l c,exp(a,z)

E"(Z) & o, a; )\ cexp(a,z),
N \ \
|

The A matrix is used to calculate the c’s
from the initial conditions.
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Seeding, 2

HONEAN
At z=0, we have: E ( ) :A CZ
£ (0) ) \C3

But we need to take the inverse in order to get c’s from initial conditions:

(6, (E,(0)
C | = A~ E:( (0)
\Cs )/ LE.(0))

Next we plug in FEL solution to get values of A™.
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Seeding, 3

The eigenvalue solutions for an FEL on resonance (n=0), zero energy
spread, and negligible space charge (k, = 0) is:

o =(i++3)T/2 o, =(i-3)r/2 oy =—iT

Insert values into A matrix:
4 A
1 1 1

A=| (i+¥3)r/2  (i-V8)r/2  -ir
(i+v3) T21a (i-3)T2/4 —T*
We need to take inverse of A so that we can solve for initial conditions:
1 (V3-i)/(2r) (-ivB+1)/(ar?)
A-lzé 1 (—B-i)/(2r) (iV3+1)/(ar?)

1 i/T ~1/T7
\ y,
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Seeding with electromagnetic radiation

Simplest case: seed with ~
electromagnetic radiation: Ex (O) _ Eseed
( \ / \ W . »
Cl Eseed W s X W
1 N NN L WA R KA X
\C3 / . 0
Insert value for Al on 1
d with
resonance and with zero C1 _ C2 _ C3 __E

energy spread (previous page):

Evolution of electric field is:

E (2) = Esseed exp[z(i+\/§)1“/2}+ Esge“' exp[z(i—\@)rlz}+ Esseed exp(—il'z)
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Dominance of First Term

For large values of Z1
the first term in equation
for E,(z) dominates,
because it is the only
term with a positive, real
component in the
exponential. Then we
have a very simple
expression for E (z):

Then use the FEL gain
length, and square to
get in terms of power:

3
10
All 3 teris
5 : Just grovwing term

EX(Z)\—‘E?d‘eXp ﬁzrz

1 Z
= P(z) == exp| —
J3r L,
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Seeding with a pre-bunched electron beam

What are the initial conditions (ie,
[EX (0),E. (0),E. (0)]

for an FEL with a pre-bunched electron
beam?

o990 R®
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soe0POeR®
o000 OOP RSO
(XA XX X 0 N o
20000008
99O SBR®
ooPOPOOO®
o900 00 0O
ooooo90®
(T2 1T XX 0 X
o900 0000
o990 OOOO®
LI 2 X1 12 01 ¥
o900 0O

From 1D FEL theory,  9E,(0) __ K 1,(0)
we know that: dz 47/r :

Here p, is the vacuum permeability, c is the speed of light, K'is the
undulator parameter, y, is the average electron energy (in terms of
the relativistic factor), and j,(0) is the oscillating current at the FEL

wavelength: N 9 N _
Jz(z) =)o Nzexp[_lwn(z)]
n=1

Here j, is the DC current density and N is the # of electrons.
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Seeding with a pre-bunched electron beam, 2

We still need the second derivative of the E field, EX (O)

Equation for second @ 2 Ex (0) __ 'UOCK jll (0)

derivative of E field: de 47
r
H _9i N
Equation for derivative d JZ (Z) — jo ﬁ d\ljn EXp[—iLP (Z)]
of harmonic current: dz N < dz "
Next use the equation for the d \Pn

=2k, 7,

evolution of a single electron phase: d 7

In our simple case, electrons are initially monoenergetic
with energy n0. Then we have:

dV¥Y (O) All electrons have the
- = 2ku770 same initial derivative

V4 with respect to phase.
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Seeding with a pre-bunched electron beam, 3

Now we can write a simple expression for the derivative
of harmonic current at z=0:

O (-aicn,) iy 23 expl-i, )] -2k O

So now we have equations for both dE/dz and d?E/dz2.
We can write this in vector form:

~' cK -
E. (0) :“27 i (0)] -1
=" r 12K

L E«(0) ) \1€RT7)
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Seeding with a pre-bunched electron beam, 4

Now we want to calculate the starting coefficients (c’s):

/Cl\ . 0 )
C, |= ,UOCK Jl(o) AL _1
4y, -
\Cs 21K, 77

Let’s just look at the c, term, which represents the only
eigenvalue that grows exponentially:
1-i/3

_ 1,CK j(0) __(\/é_i) +(2ik 1)

127/r 21_‘/) 2r2

For on resonance FEL, n=0 A - —
Then, for after many gain E (Z)‘ N Hy C K h (O)‘ ex \/§FZ
AT TP T

lengths, we have:

Cy
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Comparison of EM seeding and electron pre-bunching

At large z, the E field for a
seeded FEL is: _w'k

- E Brz] o

0] 55 e 5]

At large z, the E field for an e T .
z/L

FEL with a pre-bunched
electron beam is:

- K[ 0) [ 3Tz
prebunched (Z)‘ ~ 127/r1_, exXp T
So the seeding strength that gives equivalent E _ Ky C K‘ Jl‘
strength to a pre-bunched FEL is: equivalent Av T
Yy

LA-UR-14-24262



Example of self seeded FEL (LCLS)

chicane

st
| 1t undulator 2nd undulator
f ? | | FEL

| >R |

SASE FEL Seeded FEL

electron
electron

dump

m  SASE radiation is filtered through a
crystal monochromator. The
narrowband radiation then seeds the
electron beam in a 2" undulator.

m This is a promising scheme which is
operational at SLAC.
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Example of HHG FEL

fs pulse Gas

——— Xuv

e el —— - —— e -
FRLARIE meassi ——%yiFE
L]

SFLASH is a planned experiment in
Hamburg, Germany to seed an FEL directly
with 38 nm radiation that has been
generated through HHG.

LA-UR-14-24262

High Harmonic Generation

High Harmonic Generation uses a gas,
plasma, or solid to generate high harmonics
from an intense laser pulse.

Experiments indicate that this method is
currently impractical below 200 nm, because
light becomes broadband with poor
transverse coherence.

In addition, extremely high powers of the
laser fundamental are needed, which would
limits the rep rate.




Wed. lecture part 2: SASE



eer o oo o..°  Intro to SASE

A SASE FEL is an FEL that is seeded from the random noise that comes from the discrete nature
of electrons in an electron beam. The seed signal can either be thought of as broadband
electron bunching, or as broadband synchrotron radiation.

The FEL amplifies a narrowband portion of the signal. The amplified component is a
complicated function of distance along the undulator and frequency:

~ k 12 ! ! : : . . .
|Ex (C(), Z)| = %«/G(a), Z) |J (C())| Actual FEL Gain

Tho b, SR e Gaussian Approximation

The gain function of an FEL is 0gl. _____________ __________ _____________ S ____________ _____________ ____________

complicated (see p. 214 of textbook). S osl
We will use the simple Gaussian 5
approximation Of the gain function: % T T

2 7
G, 2) o exp| 2 |exp| -1 RIS W N S
LgO 90k I-go o |
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.
{| —Local current

: Average Current

current, amps

Discreteness of electrons leads to
random fluctuations in current,

i
| : | |“| )
as in the plot in top left. i\ | | Il Iww

008 e |
Taking FFT of current A I U W O MO S AU S R
fluctuations, there is frequency £ os l
dependent random bunching as a £ oos -
function of frequency. |
oor WY oa el e n il |
S om ow am om b e e e e
01
The FEL amplifies a narrow Y E— SR R S —
portion of the initial SASE seed. _ ? - -
This portion grows up from noise. Fosof i ]
The randomness of the initial ém ___________________________________________________________________________________________________________________________ |
bunching is still apparent in the | 5 | | 5 | 5
amplified FEL. "N L o AL R s bl ]
895 O.|96' 0.‘97 .98 O.I99 . \,ilﬂs 1.ICM 1.02 1.:33 1.‘04 1.05

]
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SASE simulations of proposed LANL FEL

Saturation Power, 1.0e-4 energy spread, no gaps

The top plot shows a scan of FEL
saturation power vs. wavelength.
This is a set of GENESIS simulations
of the planned MaRIE XFEL at
LANL. This result looks like the 1D
FEL gain curve shown previously.
The bottom shows the results of a
time-dependent GENESIS
simulation, with the same FEL
parameters. The saturation power
follows the gain curve, but there
are random fluctuations in the
power that reflect the initial
random bunching of the SASE
seed.
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Slippage illustration
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Slippage illustration
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Slippage illustration
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Slippage illustration
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Slippage illustration
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Slippage illustration

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Slippage allows different slices of the photon beam to communicate with each other via the
electron beam. This is what filters the wideband SASE input into the narrow FEL bandwidth.

LA-UR-14-24262



Calculation of SASE seed strength

Define Fourier transform of the electron current:
+T/2

i (@)= [ 1®explot)dt
E 0% 8% et e % % %W
Because I(t) is a real function, we have ‘ r(a))‘ — ‘ r(—a))‘
hen the total | T
e e P=gor f i (w)\ do=— J i )] d

Then let: S(a))=%<‘r(0))‘ >

where < > denotes an average over a large number of shots with similar
experimental conditions. The value S(w)dw is the average amount of AC
current within the frequency range [w, w + dw].

But what is S(w) for a SASE FEL? To answer this, we need to look at shot noise,

which is the AC current that exists because of discrete locations of electrons.
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Calculation of SASE seed strength, 2

2 T T T T T

We have been describing N 0 T T T ]
electron current as a smooth AT . ............. B ..... ........ ..... .
funCtion |(t), Where I(t) iS 05“’ ..... ’.‘ ..... ]

something like a Gaussian. A <
more accurate description of
current, which accounts for Ll

the discrete location of
electrons, is a sum of Dirac

) i 1 i 1 I i 1 i 1
-1 -0& 0 08 04 02 0 0.2 04 05 08
z position, m

1

delta functions: L e |

Z500 [ RTR s SR SO I R TS P B 8

(1) = eZ 5(t-t,) =g A ‘‘‘‘‘ \/\M ________ L M I,

ent, amp

Take the FT of I(t):

(o) | e320(e-,) oxatot)ar-eSo(ion
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Calculation of SASE seed strength, 3

We want the spectral density function, S(w):

S(@)=—={fis()f

N

N

:;_; > exp(iot; —iot; )+ 3. Y exp[ioo(t, -,

j=1 k=]

j=1
_e’N el

il T

An FEL has a sharply defined gain
curve, Aw, where the power at
saturation drops off very rapidly

outside w t Aw /2. (Here w isthe £ 1.0x10°

resonant angular frequency). We
can determine the initial SASE
current by calculating the total
current from random noise in this

i
o

Saturation Power, 1.0e-4 energy spread, no gaps
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Calculation of SASE seed strength, 4

The total AC current from shot noise
that is in the FEL resonant bandwidth is:

12 = S(a))Aa):ﬂAa)
T

The FEL equations are in terms of the
current density, j;. The total starting
current density for a SASE FEL is:

:mzl\/elko
A AV 7

I
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Temporal coherence in the LCLS SASE FEL

40

i spectral

20

P( ) [md /% BW |

10

U' [ 0 . .
0.00 0.05 0.10 0.15 0.20 -0.20 -0.10 0.00 0.10 0.20
t [ps] (@ Ve  [%]

(1]

The LCLS output consists of several spikes in both temporal and spectral profiles.
The full width of the spectral profile is the Fourier transform of individual
temporal “spikes,” or coherence lengths. The width of each spectral “spikes” is the
Fourier transform of the entire pulse length.

LCLS recently demonstrated that self-seeding reduces the FEL spectral linewidth
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Evolution of Transverse Coherence in the LCLS SASE FEL
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Fluctuations in SASE Energy

A SASE FEL has a bandwidth Aw that is determined by the FEL gain, and a

corresponding coherence time t, withT,~ 1 / Aw.
We will estimate the random fluctuations in the SASE energy for 2 cases:

Electron beam is shorter
than coherence time, T, <
T.. Then SASE radiation
will manifest itself as a
single Gaussian pulse.

gauss(t’) A gauss(f’) 5 0

-£° (0,0) +? f0 (0,0)

Electron beam is longer

than coherence time, T, < :
T, Then there will be
many spikes of SASE

powetr.

LA-UR-14-24262



Fluctuations in SASE Energy, 2

In a real FEL, you measure the total energy from each shot, and you can
measure the average energy over a large number of shots.

We want to calculate the statistics that determine how the photon energy
fluctuates from shot to shot.

Electron Beam Undulator E-beam Photon Beam
Diverter Photon Detector
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Fluctuations in SASE Energy, case #1

Let’s look at case #1, with t, <T_. In this case, all of the electrons
communicate with each other through slippage, so the total SASE seeding
source is the signal that exists when all phases are added up.

1 electron: Ej (t) = E, exp(—imt) exp(i¢j)

many electrons: Ej (t) — EO exp(—ia)I t) exp(i¢j)

We care about seeding Electron beam length
energy: A
3% ’ \
) o ‘..
2 -
U o E Zexp(l¢j) \ '
j

Coherence length, or slippage length
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Random Walk

The addition of phases is a random walk process.
The probability distribution of such a process is
given by:

A Imaginary

|c>(x,y)dxdy=iNexp{“X ”)} N

T N { AN

: L : real
Or, in cylindrical coordinates:

2
p(r)dr = %exp( ]dr

The RMS value of this distribution is given by:

<r2> :Tr2 p(r)dr=N
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Convert to dimensionless energy

Now we want to relate r from the random

walk process to the electric field E and 1
the pulse energy U. The electric field is : 5 ; : :
proportional tor, while the pulse energy aabyoo _______________ _______________ _______________ _______________ _______________
is proportional to r2:
J T S e S — N
2 = e
rocE, Uoaor 5.4 N I T S S
Make U dimensionless by U I I N _____________________________________________________________
dividing by the average U=—— 5 5 5 |
energy over a large number <U > 0] : : : 4 - -
of fluctuations:
2
r 2rdr
- — A SASE FEL with a short time

Transform: U » du

<I’ > N duration will have energy
fluctuations that follow
these statistics.

Get:  p(u)du =exp(—u)du
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Fluctuations in SASE Energy, case #2

Let’s look at case #2, which is a SASE FEL with t, >> 1. In this case, electrons
in one part of the electron beam do not communicate with another part
through slippage, so the output SASE signal consists of many independent

coherent bunches.

Many SASE spikes will form in this case. Some of the spikes will overlap. For
simplicity, let’s assume the spikes do not overlap:

Now there are M statistically independent SASE spikes in the FEL. Each spike
is coherent with itself, but is not coherent with the other SASE spikes. We

have:
Ty

LA-UR-14-24262



Fluctuations in SASE Energy, case #2

U
=—© —yM Average power of 1 U= U
<U1> < longitudinal mode. <Utot>

We know that: P, (0)dU = exp(—0)du

G
Correct solution for fluctuations ~\ ~ N
. r i P (0) = | Py (0)* p, (G- 7)d¥
in power must satisfy: 0

This will be satisfied for the
following function:

~M -1

u
P, (0)dd =
v () T(M

) exp(—0)dd

Or, convert back to u:

M, M-1

M™u
P, (u)du = (V) exp(—uM)du
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Thursday lecture part 1: HGHG



Initial Distribution

i i i i i i i i i
-800 -600 -400 -200 0 200 400 GO0 800 1000

7.nm
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T T

i i i i i i i i i
-800 -600 -400 -200 0 200 400 GO0 800 1000
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Final Distribution
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anargy micdulaticn
af the electron baam
{modiulstor]

Spatial bunching
aplimized 1or 8
particular harmors h

ragonant 1o the
harmoanic {radialor)

m  High Gain Harmonic Generation uses a
single modulator and a single chicane to
generate harmonics in the electron current

profile.

m  The “bunching factor” at higher harmonics
is severely limited by the electron beam
energy spread. We will derive the formula
for the induced harmonic content as a
function of the harmonic number, the
random energy spread, the induced
modulation, and the strength of the

chicane.
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Bunching Factor from HGHG, 1

We will use dimensionless variables to simplify this calculation. 27S
To describe longitudinal position, we will use €, with: -

A

Here s is the longitudinal position in meters, and A is the wavelength of the
fundamental (i.e., the laser used to modulate the beam).

The energy of the electrons are described using p, with: . /4
Here o, is the RMS energy spread in the electron beam, p - o
Before the beam is modulated. /4

We will assume that the initial electron distribution is Gaussian in energy,
and is independent of longitudinal direction. In our dimensionless units, the
initial distribution is: _ eosme

N,

f(p)=—=LeP"?
o (P) J27 [P TR

. I i I I I i i i I
-1000  -BO0 -600 -400 -200 0 200 400 600 800 1000
z, nm

Ay
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Bunching Factor from HGHG, 2

The electron beam passes through a wiggler and interacts with a laser.
This gives the electrons a modulation in phase space:

p'=p+Asin(¢)

The prime denotes the phase space after modulation, A
while the unprimed coordinates are the phase space A= _7/
before modulation. The dimensionless parameter A ol

represents the strength of modulation, and is given by:

The modulation strength Ay depends on the laser power, the laser transverse

size, the wiggler length, and the wiggler strength. (More on this later).

After Modulation

electron bea

seed-lasar

patial bunching
aptimized for 8
paricular hammanic b

ragonant 1o the
harmonic {radialor)

4 i i i i i i i
-1000 -800 -600 -400 -200 0 200 400
z, nm
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Bunching Factor from HGHG, 3

Next the electron beam passes through a chicane, which causes more energetic
electrons to move forward with respect to less energetic electrons. The new

phase space is:

' =c+Bp’

E'=E+B(p+Asiné)

The dimensionless parameter B describes the
strength of the chicane, and is given by:

elactron beam

seed-lasar

spaltial bunching
aplimized for a
Jicutar hammon

ragonant io the

anargy modulaion
harmonic {radialor)

af the electron baam
{modulsior)

LA-UR-14-24262

_ 27R0,

B A%,

Final Distribution

i i i i i i i i i
-1000 -B00 -600 -400 -200 0 z0n 400 G000 a00 1000

zZ, nm



Phase Space and Current Before and After HGHG

Initial Distribution Initial Current Profile
4 T T T T T T T T T SDDD T T T T T T T

2300
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Bunching Factor from HGHG, 4

We want to calculate the harmonic
current that will be generated from
the HGHG process. We can
characterize the harmonic current
by calculating the bunching factor

at a certain harmonic n of the
seeding laser: pi
1 1 ! 3000
—In
b(n):—‘<e " (§)>‘
IO
The brackets ( < >) denote averaging in -------
€. We will switch from describing the P
electron current | to describing the WM
electron line density N, with | = ecN.

Then we have:

b(n) = (N ()] e N ()

PO00 f e

LA-UR-14-24262

Final Distribution

i i i i i i i i i
-800 -600 -400 -200 0 200 400 §00 a00 1000
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Final Current Profile
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Bunching Factor from HGHG, 5

For simplicity, assume an infinitely long laser and electron beam (this will be
a good approximation when L, .., >>A). Then the averaging ( <>) can be
mathematically described as:

()=l [ ..de

Lo L

Then the calculation of bunching factor can be written:

b(n)=lim—— j po'dé'e‘i”é'ff (&' p)

—L —o0

To simplify, use the fact that phase space is constant along particle
trajectories. Mathematically, this means that:
NO

f(&Vp) =1, (& p)= @epz’z

Along trajectories, we also have d gdp — d 5 - dp I

LA-UR-14-24262



Bunching Factor from HGHG, 6

We can use this fact that phase space is conserved along particle trajectories to
calculate the bunching factor in terms of the initial phase space distribution:

b(n)=lim - j podge-wp) f, (p)

—L -0

Switch order of integration:

o0 L =]
b(n) = lim—| [ dp, (p) i!dgei”f'@’p)
~o0 L

Lo NO

\ J
|

Plugging in the value for £'(§,p), the integral over ¢ becomes:

<exp[—in§'(§, p)]> — lim lj déexp{—in[§+ B(p+ Asin 5)}}

Lo L

LA-UR-14-24262



Bessel Generating Function

Break up exponential into 2 parts:

e—in[§+5(p+Asin§)] _ e—in(§+Bp)e—inABsin§

\ )
!

To simplify the second exponential, we make use of the Bessel
generating function (for more on this, see Arfken, p. 628):

pixsind _ Z J (X)eiﬁn We will leave it to HW to modify
e this to be in a usable form.

Th d al __inABsi N i
e second exponentia e INABsIN& — ZJm (_nAB)eléjm

simplifies to:

o0

enweger: € =g MRy (—nAB)etT

= iJm (—nAB)e“”Bpeif(m‘”)

—® LA-UR-14-24262



Formula for HGHG

Going back to the formula for bunching factor:

pofo(p

iJ (—nAB)e " jd.»;e'“‘“

1 ( )_
Sing(£p
Ldefe

\ J
1

This last integral will be zero (in the limit L = infinity) if m#n, because the 1/L will
dominate over the oscillating term in the integral. On the other hand, if m=n, the
exponential becomes = 1, and the integral becomes 1/2L * (2L) = 1. Then we have:

b(n)=

0

1 1%
N_o'[odpfO(p

)3, (-nAB)e ™| if m=n

otherwise

LA-UR-14-24262



Formula for HGHG, 2

Insert value for f,(p): b(n) = i J nAB j dpe

2| "

You can look up this p /2+|an _n2B2/9
integral in an integral table: j dpe =+/2re

A 27R..o
Plug in values for A and B: A= 27 B = 567y

o A%,

p /2+|an)

Then you get Yu’s formula for HGHG bunching:

b(n)=1J, (nAB)exp[—%nsz} Or:

2
b(n)=1J, (nAyg—ejexp —%nzgé [d_‘gj

/4

LA-UR-14-24262




Formula for HGHG, 3

(doY
dy

b(n)= nAyd—g exp _anGE
dy 2

n

A = 3.0, 20000 particles
008 ! ! ! ! ) ! ! ! !

nozr : """ P S *  From kinetic code | 7

Fromtheory | 4

Bunching factor in &th Harmonic

-0 1 1 1 i 1 | i 1 i - ) ) 8
0 0.1 0.2 0.3 n4 0.5 0.6 0.7 0.& 04 1
dimensionless variable B

g L I L L I L I
-4 3 -2 -1 0 1 Z 3 4

LA-UR-14-24262 ' 8




Limits of HGHG

A = 3.0, 20000 particles
T T T

Bessel functions reach a peak
at x> n+1, so in order to
optimize the Bessel function,
we have:

*  From kinetic code

Fram theary

nAyd—€>n
dy

or:

-0.m
d 9 1 0 0.1 0.2 0.3 n4 0.5 0.6 0.7 0.& 04 1
> dimensionless variable B

This gives an upper bound on
the bunching vs. harmonic
number:

Bunching factor in &th Harmonic

0.s T T T

harmonic current

b(n)<exp —%nz Z—;

k wals

LA-UR-14-24262



Limits of HGHG — Effect of laser chirp

l i i

| | : |
e A R Lo TR e O ST

| | : |

I i : |

I I : |
R R oo R A oo N A _

[ | : |

| | : N
......................... i D 3 .I ........................ —
...................................................... A [ A

14 : 1

| | : |

_ | ; I

| | : |
Afl l IS ¥ I .

| | : |

I i : |

[ [ | | |
2 3 4

i :
2.5 4.5 5

Dimensionless Z

3.5

A small change in the phase at a low harmonic can transfer to a
large change in the phase at a high harmonic.
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Effect of laser chirp — mathematical description

A Gaussian laser pulse with a 52 52
frequency chirp can be described as: = (5)=E exp{ [f t j 2

20, ) 207
Take Fourier transform:

g fseenl (5o

B EOCTL 1 exp L tan_la_aa)zz's _exp B (02(75
V2r (1rat)" | 2 1 2(1+0?)

|

1+

2
o

The Fourier transform is a Gaussian witho, =

If there is no chirp you get Fourier transform limit, 0,0, = 1

If there is a chirp, youget: 0 O = 1+ a”
LA-UR-14-24262



Effect of laser chirp — mathematical description 2

After harmonic

2 2
generation, youget: E_ (&)= Eo eXp{i (§+ Naé& j_ c }

2 2
20, 20,

: , . 2 2
Fourier transforming this o — 1+ N or: \/l N 202
gives a Gaussian with: @ 2 L O,oL =N R

What is a for lasers used in HGHG
seeding? Usually, a Ti-Sa laser is used,
because it can produce the high powers
needed at short wavelength (800 nm).
Usually, laser quality is defined as:

2 _
I\/IO _Ga)GL

For a TiSa laser,

Mé—leﬂl

LA-UR-14-24262



Example of HGHG FEL

Fermi@Elettra is an FEL user facility in Trieste, Italy that uses the HGHG
mechanism to produce coherent FEL pulses at wavelengths down to 43 nm.
The electron beam is seeded with a 258 nm laser, and then a single HGHG
stage produces radiation at the 6™ harmonic. A delay line is used so that a
“fresh” part of the electron bunch is seeded with the 43 nm radiation (more

on this later).

For more information, see: www.elettra.trieste.it/FERMI/
Pictures of hardware taken from this page.

LA-UR-14-24262
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Thursday lecture part 2: EEHG



Energy Deviation

Energy Deviation

15

10+

-15

15

Introduction to EEHG

After Modulation

Particle Phase

After Second Modulator

Particle Phase

e B
1.8
200 nm
GeV E- 200 Modula
Beam nm
tor
Laser

After First Chicane

Energy Deviation

Particle Phase

After Final Chicane

Energy Deviation
o

Particle Phase

Echo-Enabled
Harmonic Generation!
uses 2 modulators and
2 chicanes. The 1st
chicane is large, and
breaks the modulated
beam into energy

bands.

Theory shows that
EEHG has a very
favorable scaling with
harmonic number?:

h ~ 0.39

n 1/3
m

200 nm
200 Modulator
nm
Laser

LA-UR-14-24262
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Dimensionless variables for EEHG:

We will use the same dimensionless variables to do this
calculation as the ones we used to calculate bunching factors
from HGHG:
27S _ 7
5 —_ and p —
A

o,

Initial Distribution

The initial phase space distribution i : :
W|” once again be 3 GaUSSian, 3
which, in our dimensionless
variables is given by:

N.
-3 -2 -1 é) 1 o 3
We will also use the A — AQ/ 27Z'R560y
dimensionless variables A and B: _ B=
o, A%,

A for the strength of the modulation, and B for the strength of the chicane.

LA-UR-14-24262



Increasing B to get energy ladder:
The trick of EEHG is to use the first modulation and chicane combination to create
an “energy ladder” in phase space, and then apply HGHG to the rungs of the

energy ladder. Because each rung has a very small random energy spread, the
limitations of HGHG are overcome.

Here is a picture showing how B can be increased to create this energy ladder:

B=034,| ~|B=06] ~|B=10

et LRI

. LA-UR-14-24262
2 1 0 1 2
i}

To -
T -




Energy Deviation

Calculation of bunching in EEHG, 1

After Modulation

Particle Phase

The first modulator modifies
phase space according to:

]
e B /‘4’ .
1.8
200 nm
GeV E- 200 Modula 200
Beam nm tor nm

Laser Laser

The first modulator imparts a
sinusoidal oscillation on the
particles, identical to what is done
in HGHG. Typical values of the
modulation are A;~3.

200 nm
Modulator

12 A Undulator
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Calculation of bunching in EEHG, 2

After First Chicane

15

The first modulator-chicane
combination produces the energy
stripes. The larger the chicane,
the thinner each energy stripe will
be. This is ultimately how EEHG
overcomes the exponential limit o B
of HGHG. S LS B T

Particle Phase

Energy Deviation

The first chicane modifies 5' = f + Bl P !

phase space according to: _
E'=E+B (p+Asiné)

]
e i TI pily
1.8 GeV 200 nm .
E—Beaem 200 nm 200 nm 200 nm Modulator 12 A Undulator

Laser ~Modulator | jqar

Note: the chicane is also used to displace the electron beam so that the
2"d |aser can overlap with the electrons. LA-UR-14-24262



Calculation of bunchmg in EEHG, 3

Aﬂer Second Modulator

15

The second modulator gives
each of the energy stripes a
sinusoidal modulation.

Energy Deviation

Particle Phase

The second modulator modifies noa - I
phase space according to: P =P~ A2 SIN (K‘f )

or: p"= p+Asin§+AZSin{K[§+Bl(p+ﬂ5i”§)}}

o T-I . ’|
1.8 GeV
200 nm 200 nm 200 nm Modulator
laser ~Modulator | 3cer LA-UR-14-24262

12 A Undulator
E-Beam



Calculation of buncwmg in EEHG 4

After Final Chlcane

15

10+

The final chicane rotates each of
the stretched out energy bands
in phase space, and produces
bunching at a very high
harmonic. A0

Energy Deviation
o

Particle Phase

The second chicane modifies 5 "_ 5 4 Bl ( P+ A1 sSin f)

phase space according to:

After doing some 5"254_(81_'_82)p+A1(Bl+Bz)Siné:+
algebra, you get: A,B,sin(x& +xB,p+xAB siné +¢)

]
1.8 GeV

E-Beam 200 nm
Laser

200 nm
Modulator

LA-UR-14-24262
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Calculation of bunching in EEHG, 5

Use same trick we used before to calculate bunching for HGHG. The
definition of bunching factor is:

b(n)=lim—— f [ dp*dere 1, (£, p)

—L -0

Use the fact that phase space is conserved, and do some algebra to get a
formula for bunching factor that can be calculated:

% L
b(n): Iimi jdp fo(p) z_tjdgeini"(é,p)
—® -L

We will leave it as a HW assignment to derive the formula for the
bunching factor in EEHG:

h = ‘e—(1/2)[n51+(Km+n)Bz]2 Jm |:_(Km + n) Asz]‘]n {—Al |:I’]Bl + (K‘m + n) Bz]}‘

n,m

LA-UR-14-24262



Look at results of bunching factor for EEHG

Write bunching formula again:

5 :‘e—(llz)[nBﬁ(Kmm)Bz]Z Jo| —(xm+n)AB, |J, {—A[nBl+(Km+n)Bz]}‘

n,m

There are a lot of options. Let’s look at n=-1, m>O0:

Jo[(km-1)AB, |3, {A[B, - (xm-1)B, |} o-(U2[Bi-(xm-1,

A=30, A=1,B=32.5B,=1008
T T T

h. =

-1,m

A1=3.0,A~10,B,=325 B,=1098
T T T

0.1

Ay

Bunching Factor

1 i i 1 i
0 10 20 30 70 80 90 100

This plot shows the final phase space and the bunching factor at different
harmonics when A1=3.0, A2=1.0, B1=32.5, and B2=1.098 LA-UR-14-24262



Getting approximate values for EEHG

0y = s [(Km _1) Asz]Jl {Ai |:Bl _(Km —1) Bz]} e_(llz)[Bl_(’m"_l)B2J2
J \

\ J
| |

J
|
! Term #2
Term #1 Term #2

The Bessel function J is maximum

when x = m + 0.81m'/3, So to maximize (K‘m _1) Az B —m+ O.81m1’3
this term (term #1) we need to set: 2

To get some values of A}, A,, B, B,

1
that are close to optimal, let k=1, m m AZ B2 ~M or A2 ~ —
>> 1, then we have: 82

Term #2, which is in the J1 function B, — (Km _1) B, ~ %1

and the exponential function,
needs to be small, but slightly
greater than zero. For this, we set: Or, if k=1:

1
B,—-mB, = /
1 2 A
LA-UR-14-24262



Other properties of EEHG

O H o)

L 09} n 8 B : o © ©
= 0.5t .
& 08} o O 1 ©
g 07k o | 0.41 © .
- O
e O
S 06 . % 3l )
- O s 0
ﬁ 05| 1
= 04l ob,, | 0.2 .
% i = Ob, o
€ 03p . t:u-D .

|:|._2| 1 1 1 1 1 1

- 2 3 A 5 5 7 o

FIG. 8. (Color) Nommalized bunching factors for by (blue sym-

: . . . FIG. 2 (Color) Maximal value of J,(A, &)e™¢ /2 as a function of
bols) and b4y (red circles) as functions of the ratio o,/ o,. ' 1(A1€)

parameter A,.

These plots are from a paper by Xiang (Phys. Rev. STAB 12, 030702 (2009). The
plot on the left shows how the bunching in EEHG is degraded if the laser
transverse size is too small. The plot on the right shows how increasing the size
of the initial modulation (A,) increases the final bunching factor.
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Example of EEHG FEL

107 5 — ;__—-i

_.a—""_-__d__F——E
- -'J.,_-"_'_f:_’-"fﬂi_
108 5 /'L,x,

.-;_\. ) :

2 O0F 4 o

R

= 4

2

E ¢ 5

—— HGHG (simulation)

108 _ —— EEHG {simulation)
r—=— HGHG {exparimental)
] —=— EEHG {experimeantal}

B o T B o e o T B e B LB
0 2 4 [ g 0

Undulator length {m}

Figure 5 | Gain curves of the EEHG and HGHG FEL at SDUV-FEL Intensity
is measured with a calibrated CCD at the end of the radiator (red open
squares, HGHG; blue open squares, EEHG). Error bars comespond to the
peak-to-peak intensity statistics of 100 measurements. Simulation results are
showrn as a red line (HGHG) and a blue line (EEHG).

Shanghai FEL has experiment that has produced an FEL seeded with EEHG and
HGHG. There is also an experiment on EEHG at SLAC.
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