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Lecture materials

 Slides are available at

Unifying Physics: Open Access & 2nd Edition About Authors Resources Reviews

UNIFYING PHYSICS
OF:

— See section Resources

—You can also access the 1st edition of
the book which is now Open Access
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Evolution of accelerators

In 1954 Enrico Fermi
presented, in his lecture,
a vision of an accelerator

that would encircle the
Earth, and would attain
highest possible energies

Would this be indeed a natural evolution of accelerators?

Unifying physics, 2023, A. Seryi, JLab 4 Slides: https://www.unifyingphysics.com/



Evolution of accelerators
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Fig 6, GNP and R&D: Failure of naive extrapolation.
“The Year 2000, 1968, K. Herman, A. Wiener

Would this be indeed a natural evolution of accelerators?

No. And not only because R&D budget is now not growing
faster than GDP
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Evolution of accelerators

Would this be indeed a natural
evolution of accelerators?

No.

Increasing the size or base of
the experiment, to increase
precision, with proportional or
event faster increase of the cost,

e would unlikely be accepted by
Enrico Fermi Earth accelerator, 1954 governments and society

Unifying physics, 2023, A. Seryi, JLab 6 Slides: https://www.unifyingphysics.com/



CPA - Chirped Pulse Amplification

) ||” ” ”“ Initial
o fje
'l"“’l' || pulse Stretcher
Oscillator /
chown same o
duration, but |
inreality 1000  Stretched | ” waw
times longer pulse ’—/UW i A“"""’"‘
Amplified
/ ’/\1 stretched
pulse

Amplified
ultrashort
pulse

Compressor

« CPA: pulse stretching and compressing using time-energy correlation

Slides: https://www.unifyingphysics.com/
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CPA invention: exponential growth of laser power

i 2
1023 | Intensity (W/cm?)

1020 |
- Relativistic regime : E~ mcZifi one cycle

. Atomic intensity

1015 -

Field ionization
of hydrogen

1010

1960 1970 1980 1990 2000 2010

Progress in peak intensity since laser invention in 1960
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One of 40 inventive principles of TRIZ

27. Cheap short-living objects

Replace an expensive object with a multiple of inexpensive objects, comprising
certain qualities (such as service life, for instance).

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

. .

. .

. o,

E.< 100MV/m

Accelerating structure, E =mcw,/e~100GV/m
metal (nhormal conductive “Accelerating structure”
or super-conductive)

produced on-the-fly in
plasma by laser pulse

Plasma acceleration

Unifying physics, 2023, A. Seryi, JLab
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Let’s now talk about evolution of
synchrotron light sources and FELs

including those based on plasma acceleration

But first, let’s define some metric which allow us
to evaluate and compare the importance of
different directions of research

Unifying physics, 2023, A. Seryi, JLab 10 Slides: https://www.unifyingphysics.com/



Fundamental knowledge

Why SR sources are so important?

PASTEURS

QUADRANT

Basic Science
and Technological
Innovation

Donald E. Stokes

Consideration of use
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Why SR sources are so important?
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Fundamental knowledge

PASTEUR'S
QUADRANT

Basic Science
and Technological
Innovation

Donald E. Stokes

Consideration of use

Unifying physics, 2023, A. Seryi, JLab
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Synchrotron light source

f
'

How does it work?
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SR effects - qualitatively

e Simplistic picture — SR
| caused by leaving part
rield lef of the fields behind
. ,\\U— e Can be useful as it

. °* Creates high
brightness radiation
source

e Can be harmful as it

e Creates additional
energy spread

Field lines  Creates additional
emittance growth

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/
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SR observed in 1947 in
GE 70 MeV synchrotron

At
o

In 10564 Chinese and Japanese
monks recorded story about bright
guest star that was visible even day
time for about three weeks

~900 years after the birth of Crab Nebula it was suggested that its blue region shining
is caused by Synchrotron Radiation of relativistic electrons in magnetic field. This idea
was later confirmed by observation and the source of magnetic field was determined
to be a neutron star in the center of the nebula
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Synchrotron radiation
on-the-back-of-the envelope — power loss
Energy in the field left behind (radiated !):

~ 2
Field left W~ [E*dV

. e
behind \\U The field E~ = the volume V ~ r? dS
e/

~ Hr
~

0// S r
/,/ A S
N\,

LY Energy loss per unit length:

3 2
R /R+r dﬂzEzrzz(EJ 2
ds r?
. R :
Substitute r = ? and get an estimate:

(c j R Y
AN =R —-1l|~_—
Field lines v 2y dw 2.4

Compare with dW _ 2 ey’
exact formula: (S 3 R?

Gaussian units on this page!

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Re-inventing the way to increase LEP energy

LEP was e+e- machine, and around 2000 was running with the energy about
104 GeV per beam

The energy was limited by energy losses due to synchrotron radiation, and by
the amount of voltage from the installed RF cavities

LEP optical structure include all typical magnets: bending dipoles, quadrupoles
with corrector coils, sextupoles.

Assume you cannot install more RF to
compensate for SR energy losses

How can you increase LEP energy?
(Without moving the vacuum chamber or magnets).

Hint: Try to use resources that you already have in
the system

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Re-inventing the way to increase LEP energy

Dipole bending /
magnets.

Trajectory with
radius R

Quadrupole magnets
with correctors.
Trajectory is straight

(This is where energy is lost for
Synchrotron Radiation)

How can you increase LEP energy?
Try to use resources that you already have in the system

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Re-inventing the way to increase LEP energy

\//

Dipole bending
magnets.
Trajectory with

radius R
Quadrupole magnets
with dipole correctors.

Trajectory is straight

How can you increase LEP energy?
Try to use resources that you already have in the system

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Re-inventing the way to increase LEP energy

\

Dipole bending
magnets.
Trajectory with

radius R
Quadrupole magnets
with dipole correctors.

Trajectory is straight

LEP quadrupole /

Main winding
Correctors windings can be
powered separately and can
provide dipole correction

How can you increase LEP energy?
Try to use resources that you already have in the system

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Re-inventing the way to increase LEP energy

\ 2

Reduce field i |n

dipole bending

magnets
Power up dipole correctors in This will make the trajectory more smooth, and will
Quadrupoles so that trajectory decrease energy loss due to Synchrotron Radiation

become slightly curved

This allowed to increase LEP energy by a fraction of a GeV

Increasing the LEP energy for a given RF voltage, P.Raimondi
Proposal to Increase the LEP Energy with Horizontal Orbit Correctors, A. Beuret, S. Bidon, G. de Rijk, R. Genand, P. Raimondi, J.Wenninger,

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/
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Synchrotron radiation

on-the-back-of-the envelope — photon energy
For y>>1 the emitted

photons go into 1/ y
cone.

During what time At the observer
will see the photons?

E S

zZ Observer

Photons emitted during travel
along the 2R/y arc will be observed.

Photons travel with speed c, while particles with v.
At point B, separation between photons and particles is

ds~ 2R (1-%
Y C

Therefore, observer will see photons during At= E ~ 2R ( —B) R

C cCy cy’
Estimation of characteristic frequency Compare with exact formula:
1 Cy 3cy’

W, = O
At R 2 R

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Synchrotron radiation
on-the-back-of-the envelope — number of photons

We estimated the rate of energy loss: i ~ e’ f And the characteristic frequency: ®_ = C?yg
&
The photon energy €. =70, = y‘?'li'lc = g Ao mc? where I, = rrex; o= ;_Z A :%e
=>
Number of photons emitted per unit length d—N ~ idﬂ ~ &Y (perangle 0: N~ ay0)
dS & dS R

Gaussian units on this page!

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/




Let’s estimate cooling time

: : o dw  2¢e%yf dw 2ry
We estimated that losses per unit length are: 45~ 3 R? or =3 Rt

Am r, y4

Thus losses perturnare: U, = mc’

When electron radiate a photon, its momentum decrease

:>./70—>wav> o> o>

RF cavity restores only longitudinal momentum,
thus other degrees of freedom cooled

Estimate cooling _2nR ymc’ A 2¢r,y°
timet as E;To/Uy: 77 ¢ U, or 3 R?

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Equilibrium emittance

— Have SR cooling - would beam emittance reduce
to zero?

— No, as there are quantum fluctuations

— Let’s make simple estimations of the effects

2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/
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Let’s estimate energy spread growth due to SR

. dw ey* - cy’
We estimated the rate of energy loss: = R? And the characteristic frequency: ®_ = ?
3 3 2 2
vy hc vy 5 e e I
The photon energy €. =70 = =—XA MC where [, = o=— A, ==
‘ “ R R ° * me’ hic o
dN 1 dW «
Number of photons emitted per unitlength —~ —— = ay (perangle0: N~ av0)
dS & dS R

The energy spread AE/E will grow due to statistical fluctuations (,/N ) of the number of emitted photons :

d((AREY ) N1 Which gives: d((AEEY ) _rh,v°

dS ° dS (ymcz)2 dS R®

d((AREY) 55 ra,y°
ds 2443 R®

Compare with exact formula:

Slides: https://www.unifyingphysics.com/
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Let’s estimate emittance growth rate due to SR

Dispersion function n shows how
equilibrium orbit shifts when energy
changes

When a photon is emitted, the
particle starts to oscillate around
new equilibrium orbit

°
N

> % , mit photon
@0\\@& S Emit phot

< O &
© \'\\\{o,\é Amplitude of oscillation is Ax *n AE/E
L
X . . 12
Compare this with betatron beam size: o, = (sx BX)1

Ax >

And write emittance growth: Ag =

de, _ n* d((AEEY) [ 2, v

Resulting estimation for emittance growth:

dS B, dS B, R®
Compare with exact formula de, (112 + (an' _ B'Xn /2)2) 55 1 A, y5
(which also takes into account ds B 24J3 R®

the derivatives): —

Slides: https://www.unifyingphysics.com/
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Brightness

 Brightness of synchrotron light

sources
Angle

7oL

Area

Brightness
photons / (s m? rad? (Y%sbandwidth) )

e How we can increase brightness
— Smaller size of emitting area
— Smaller angular divergence

* |.e.decrease equilibrium
emittance

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Equilibrium emittance due to SR

2 2 2 5
Estimation for emittance growth: de, ~ 1 d<(AE/E) )z n L }‘637
dS B, dS B, R
Exact formula takes into account de, (112 n (an' _ leﬂ /2)2) 55 1A, y5
the derivatives: ds B, 243 R®
d 2 3
SR cooling gives g6 __ <. with 1= lery
S CT 3 R?

The equilibrium emittance will therefore be proportional
to the average value of the curly A~ function

If we can minimize the average value of % for a regular

optical cell of SR light source, we can reduce beam emittance
and thus increase brightness

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Inventing a better conveyor for glass manufacturing
Need to transport hot glass, just of the oven, on a conveyor

<=

S

Large rollers of the conveyor cause deformation of glass, impact quality

To improve quality, one can make rollers smaller, and use more of them
< 00000000000000
But this increase the cost of the conveyor

How to improve glass quality without increasing cost?

2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/
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Evolution of types of SR sources optics sells

’—X—‘ FODO with two bends

.I ] . -X. DBA — double bend achromat

.X- . ] .-X. TBA — triple bend achromat
.Xl. | . | ..X. MBA — multi bend achromat

Equilibrium emittance is decreasing from top to bottom

2023, A. Seryi, JLab Slides: https://www.unifyingphysics.co
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Examples of FODO and MBA optics

SPEAR-2 FODO MAX-IV MBA (seven bend achromat)
y [m]
© | | Opical Funclinlns(ulem, vy‘:5.21) | | 20 | //"T/\‘M —'H‘l-_H—-‘*f_-_”‘- TH\ .
a5k — | 5 10 o 15 20 25
301 /If’ \\\ ‘__T._‘:imo b 18 0.08
a5} K ] 16 0.07
E 14 0.06
: 2 12 005 £
5 10 0.04 -3
Z 8 003 &
§ 6 0.02 ©
4 0.01
J . . | | | 2 0
54 56 58 80 62 64
s [m] O ‘001
K.Wootton, SLAC . . L B

P.Tavares, MAX-IV siml

Evolution from FODO to MBA —increase number of bends in cell, better
optimization of optics, minimize emittance, maximize brightness

Is it possible to improve it further?

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Inventing a better conveyor for glass manufacturing
To improve quality, one can make rollers smaller, and use more of them
< 00000000000000
For maximum glass quality the rollers needs to be of zero size.
They should be atom size!

Use metal with low T of melting
E.g. liquid tin

el

Liquid tin conveyor

2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/
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From MBA to Hybrid Multi Bend Achromat
ESRF-EBS HMBA

20 —0.1
[ Dipole
ESentupele i = ~ T}
[1BPM ) ]
— e P.Raimondi, et al., PRAB, ~
—3 B
= 10| —s 24, 110701 (2021) I
g E
a
n
o
= 0
0 Ol_‘. Lo O O O ll_‘O 0
| | | | |
0 5 10 15 20 25
s [m]

Instead of going to even larger number of bends, HMBA use bending
magnets with field varying along the magnet, for better optimization of optics

.5 —
Q.4 —
0.3

0.2 —

Bending field in Tesla

o1 J along the magnet
Lo 8]

1 1 1 1
O 500 1 OO0 1 500 2000

5 [
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How to increase brightness - undulators & wigglers

Periodic array of magnetic
poles providing a sinusoidal I/ . .__ @‘@ @@_ @
magnetic field on axis: eSS "‘1 AN —

B=(0, B,sin(k,z), 0) e kadadala
|<—au—+|

Insertion devices
(undulators) to generate
high brilliance radiation

ID gap can be adjustable

Some ID are in-vacuum
devices

Some in-vacuum ID can be
open during injection and
closed only when beam
emittance reduced

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Layout of a synchrotron radiation source (ll)

Wiggler =, —Nam~— .- Electron beam
Y A
. Booster ﬂ _______ Storage ring
I ring '- R
Bending magnet - g ) ______ g Injection
Linac -
.\ /F

" Undulator

( """"" Monochromator

Spectrometer

Synchrotron storage ring

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



stability ; Monochromators

Current (arb. units)

0 8 16 24

Time (hours)

Use crystals and Bragg

Top-up injection
P-upin] condition

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Re-inventing injection to SR sources

Wiggler <., —Naw ~ .~ Electron beam

Current (arb. units)

5 .

M o -
4 W{ s Booster £ C ------- Storage ring
3 P ring ' S
, @) Bending magnet \“ \ , g Injection
; Linac -

X /F
Focusing device £
o
Time (hours) g Undulator
r°" """"""""" Monochromator

Spectrometer

« Top-up injection advantages:

* No issue with beam lifetime

« Stable temperature conditions to X-ray optics
« Top-up injection challenges:

* Injection with shutters open

 Injection with ID gaps closed

« Dynamic aperture

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



SR sources and sof T ]

Dynamic Aperture W : ”‘*«* _
Tight focusing intended to e T :

reduce curly %~ needs for gl | ]
stronger sextupoles : ] | :

8.20L

1 L L L i 1 L L 2 1 1 " L L 1
18.20 18.25 18.30 18.35

Sextupoles and insertion T e
devices impact Dynamic R — ’

Aperture (DA) 25 ib_) =
202_ =Lz b :

If the DA is small, it will affect £ =i O i S
injection efficiency and lifetime | SRR T :? Wl
5F i ]

C ! a

i '...'I'."';iﬂ.f!l.ﬂ.l,.‘.-A.f.l.l...,..s

2 50

x(mm)

Frequency Map (top) and DA (bottom)

L. Nadolski DOI: 10.1103/PhysRevSTAB.6.114801
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Re-inventing injection to SR sources

Stored Beam ||

requires larger
apertures

Injected Beam

« For traditional off-axis injection (shown above) the injected
bunch is oscillating until damped by SR

« If DA s not sufficiently large = beam losses, reduction of
Injection efficiency

How can we improve this situation? (How to inject efficiently

Into small DA?)
ALS-U — Robin -

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/
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Re-inventing injection to SR sources

Fast Kicker

Stored Beam

can use smaller
Injected Beam apertures

« For on-axis swap-out injection (shown above, M.Borland)
the injected bunch is replacing one of circulating bunches
almost without further oscillation

« Stronger focusing optics is possible

* Fast kicker is needed (usually strip-line design)

Are there other ways to improve injection into small DA?
ALS-U — Robin -

Slides: https://www.unifyingphysics.com/
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Recall system anti-system & nested dolls

Stimulated Emission Depletion microscopy (STED)
Stefan W. Hell confocal

y .
. o ’ . \/‘; ‘\‘}
[\ |
| [ |
| . ! % \)’;z!{,\ ’

i1 \
\l
| \
\

- - }
Excitation Do Fluorescence / b TN L i
G TRRNY

Jl f\ N
/ 'x.l /") ‘-‘A \‘.\‘ﬁ E 1 4’
A //J / B8 ;\\‘; V|
{ ‘\‘ [/ | f { 4.4 \‘\\C \ )'\/ \‘ \
‘ A0 VA DURNA S
\ R \ 1 KN Y-\
coNG M N ESI \gsTED
£ ORI CRUOTRYGARONNIS ESe Rl
(gated) STED image of Tubulin vs
standard confocal image

This can be viewed as a combination of the inventive

principles “system and anti-system” and “nested dolls”
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[ILC Interaction Region... ]

Dual anti-solenoid is used, to cancel its
external field —this makes it force-neutral

Combination of nested doll &
system — anti-system principle

Vertex Detector IP Chamber

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Re-inventing injection to SR sources

B0 [rreeserherneensennsedrrnsarennssenseisnmesnssectansbrenseasssnss bk eesresendernessamsnneresjoesnnes

R TP NS S T AN S Non-linear kicker:
150 : StOred : i i i .
100 beam e |nner and outer wires

L1 ..‘ ............ . .., ... .......

. create O-field region
o o G A S : : ; ! : .
50 [ N rnjected . C|rcu|at|ng beam see
T .............. .......... :beam Zero f|e|d

UVOR N SPONS OU WS ¥ AUE SON SN SO W * Injected beam see max
| S field

X {cm)
’,.b+ i b- __-Flange

Kicker coil ° Stronger fOCUSlng OpthS

Water cooling

Ceramic plate |S pOSS| ble
Ti coated surface

Stainless steel

By (G)

-250 i

Combination of nested doll &
system — anti-system principle

Atkinson, IPAC2011, BESSY Il
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Re-inventing injection to SR sources

2.5E-03 o . .

20603 |  Stored L A Non-linear kicker:
B izggg beam L[ « Octupole ferrite core
%CJD 5.0E-04 i i Kicker
c 0.0E+00 S « Circulating beam see
2 -5.0E-04 : i Injected )
& -1.0E-03 b7mmi  DEAM ZET0 field
8 -1.56-03 P * Injected beam see max

-2.0E-03 ; i :

S ee03 o _ field

-0.03 001 001 0.03
Horizontal offset [m] « Stronger focusing optics

10mm gap for iS pOSSible

stored beam

Combination of nested doll &
system — anti-system principle

S White, IPAC2019, ESRF-EBS

5mm gap for
injected beam
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Let’s now discuss Free Electron Lasers

* FEL overview

* FEL history

—Why called laser?

—Is It quantum device?

— Connection to klystron and TWT
— FEL invention path lessons

2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/
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Radiation from sequence of bends

Assume that bends are arranged in sequence with +-+-+- polarity with

period A, so that trajectory wiggles: Observer will see photons

2 emitted during travel along
— the arc 2R/y
/4

R X

S ..
A2

/4

If 2R/y << A,/2, then radiation If 2R/y >> A /2 => regime where
emitted at each wiggle is entire wiggling trajectory contribute

independent to radiation
Define K~y A, /R

K >> 1 - wiggler regime K << 1 - undulator regime
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4t generation light source — Free Electron Laser Overview

Electron beam Undulato:LUndulator period Photon beam
HHHINﬁl/;HHHHHHHHHHHHHHI

TN AOEANIEIEIRIEEE N oo

S — ' -1 - ' T
(1) Spontaneous  (2) Modulation, (3) Bunching, (4) Overbunching, dump
amission exponential gain coherent emission saturation

W mw W T
»M

radiated
log("power ) | '
- D G ED D G G e .\.‘ .A
e ——— x'.;
-~
<L
e
o
o
Y

Length along undulator
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FEL basic concepts

* |In a storage ring the phase relationship between the radiation emitted by
each electron is random and the spatial and temporal coherence of the
radiation is limited

* The electrons emit radiation in an undulator incoherently

 |In a FEL the electron interact back with the radiation emitted in the
undulator

* Under certain conditions this process can generate a microbunching of the
beam

* Microbunching happens mostly at the undulator resonant wavelength
* The electrons will now emit in phase with each other, coherently

« The radiation power (and brilliance) will scale as N_2 not as N,

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Incoherent SR => coherent

Incoherent synchrotron Coherent synchrotron radiation
radiation source source (Free Electron Laser)

)

Era of studies of crystal structures Era of studies of non-crystalline
by incoherent sources of X-rays structures by coherent sources of X-rays

...and also this is an inventive principle “the other way around”
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FEL beam-EM wave energy exchange - conceptually

Electron beam /—Undulator :Undulatorperiod Photon beam

L —

POILE R R 0M e LR e
AR PR BN BN B TR N, .o
T (4) Overbunching, dump

1
(3) Bunching,

(2) Modulation,
coherent emission saturation

(1) Spontaneous

emission Q}QJOFIQI'IUBI gain
AAANAAA AAAAASA ~-'(-\ "f"‘\\
SN = FUMDD[) o DL - AT PATATA PSS
’\ P I"| l\jly‘ c_.’ ‘r“n,\,‘l "j 4* J '.. l.lv(vlﬁn.r_"' J‘l','ll',' {‘,n,ﬂ‘,!ﬁ
a ""\'l MY ARP \ l/ Ll “,r"f TV
\ -h-'.».‘-‘li o . '/\r J‘ S' ‘4‘ b raris | ".'.r‘ ”'Lllaklr\.r A\
>y 1 w LA ™ ¥ 198 v
'\'ll"."ll - WUV \= WYYV VWV~
! | 1

Mechanism of beam — EM wave (light) energy exchange (conceptually):

Undulator creates
wiggling beam
trajectory

Transverse electric field of synchronous EM wave (light) is directed
against particle transverse velocity = energy removed from the

particles and thus fed into the EM wave
Slides: https://www.unifyingphysics.com/

adiated
power

log("
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Infector 3 e Beam Transport: 227m above ground facility to transport electron beam (SLAC)
600me ™
accelerator

4th generatlon Ilg ht (SLAC) : Undulator Hall:170m tunnel housing undulators (ANL)
SOU rce - exam ple féﬁqcf:rg;?w?:::;ag?en? ~E Near Experimental Hall: 3 experimental hutches,

and x-ray beams N prep a’rées.\'and‘ﬂshops (SLAC/LLNL)
(SLAC) S S
Front End Enclosure:40m facility for §1§a¥ T"a'"tsFt’o“ &r?iigtnof)"c Tunnel
: ; m tunnel to transport photon beams
X_ ray F E L_ photon beam diagnostics (LLNL) (LLNL)

.

LCLS at SLAC 3OO\
- S, S 4 Far Experimental Hall

46 cavern with 3 expedmental
hutches and prep areas

(SLACG/LLNL)
; LCLS
§ IE+34 Free-electron lasers “— 2000 eV
o 10-300 fs
2 |E+30 10"3 photons
(=}
% + FLASH
-"é |E+26 Synchrotrons 200 eV
~ + . 3rd generation 10-50 fs
E E+22 10'3 photons
% IE+18 2nd generation B
=2 1st generation
g 1E+14
£ X-ray tubes
2 1E+10
~
©
& [E+06 — e ————i —

Unifying physi;:s, 2023, A. Seryi, JLab . 1910 1940 1970 2000 2030




Path to FEL invention

— Thomson and Compton scattering ~1920
— Klystron — 1937

— Travelling Wave Tube — 1947 - 1950

— Undulator —1947- 1950

— Ubitron — 1957

— Laser — 1958

— FEL - 1970

Historical connections inspired by Richard Walker’s lecture on FELs, 2002
https://indico.cern.ch/event/412220/

2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/
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Compton scattering

In collision between a high E free electron and a low energy photon a
substantial fraction of the electron energy can be transferred to the photon
As a result, in the observer frame, the photon is backscattered with a

significant energy boost .
This process is known as Compton backscattering

Inverse Compton scattering:
photon gains energy after interaction

M= (1400) 1(47) Ay '’

e Examples for A;=532 nm (2.33 eV)
- e-5.11 MeV (y=10), A,= 1.33 nm (0.93 keV)
~ e-18.6 MeV (y =36.5), A,= 0.1 nm (12.4 keV)

Slides: https://www.unifyingphysics.com/
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First Description of FEL

Undulator magnetic field is seen by relativistic electron as an EM wave

The electrons can either scatter an undulator "photon" in the forward direction
and loose momentum (Emission) :

) h ’
ho recol W ¢
Emission: @ ANANAN NN 0 NNNNNN»
e- e-

Or scatter a laser photon in the backward direction and gain momentum
(Absorption):

h ) h ) .
W 5 ® recoil
Absorption: NANNNNN\ @ ANNNNNNN @)
.. e- ) -
Initial state Final state €
JOURNAL OF APPLIED PHYSICS VOLUME 42, NUMBER 5 APRIL 1971

Stimulated Emission of Bremsstrahlung in a Periodic Magnetic Field

Jonn M. J. MADEY A closer resemblance is to be found between this

Physics Department, Stanford University, Stanford, California 94305 Ppaper and that of Pantell., Soncini, ?‘nd Puthoff” who
(Received 20 February 1970; in final form 21 August 1970) proposs&d the use of .stlmu.lated. Imverse Compton
scattering but were restricted in gain to the infrared by

The Weizsicker—Williams method is used to calculate the gain due to the induced emission of radiation
into a single electromagnetic mode parallel to the motion of a relativistic electron through a periodic trans-
verse dc magnetic field. Finite gain is available from the far-infrared through the visible region raising
the possibility of continuously tunable amplifiers and oscillators at these frequencies with the further

possibility of partially coherent radiation sources in the ultraviolet and x-ray regions to beyond 10 keV.
Several numerical examples are considered.

Unifying physics, 2023, A. Seryi, JLab
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FEL and Lasers. Is FEL a “Laser”?

: : - The gain available due to stimulated emission is
The first analysis of the FEL (Madey, 1971) proportional to the spontaneous transition rate into a

was made using quantum theory, and the definite, if unspecified final photon state (typically, one
physical principles of FEL operation were of the resonant modes of an optical cavity), taking into

. . : account all possible combinations of initial photon and
considered different to those of earlier electron momenta leading to that state. The quantity

devices... required is

J.M.J. Madey, J. Appl. Phys., 42 (1971): Ts=spontaneous transition rate into a definite final
photon state

= (2a/B){fLH' | D)ps, (10)

where p; is the appropriate density of initial states. The

Three level laser a. The pump gets population from ground
state L1 to the higher energy level L3
AE 3% Sopuation b. The excited population gets from L3 to L2
a R######### through non radiative decay
m !'2 ) Stimulated — The Iifet_ime_ of L3 is very short and all the
2;‘:}:;:‘3% c m population in state L3 decays to state L2
emieaion  C. Stimulated emission from L2 to state L1
L1 Ground state — Lifetime of energy state L2 is long => population
inversion occurs with respect to state L1
Invented 1958 — Once the population inversion is obtained,

stimulated emission will give optical gain
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FEL and Lasers. Is FEL a “Laser”?

« The first analysis of the FEL (Madey, 1971) was made using guantum theory, and
the physical principles of FEL operation were considered different to those of
earlier devices

« It was noted however that the Planck constant i cancelled out of the final
equations and many doubts were expressed whether it was a 'true' laser ...

« Later, a fully classical picture was developed* (Hopf et al., Colson, 1976):
"the quantum theory of a free-electron laser is extremely tedious, and is
neither desirable nor necessary" Hopf et al., 1976

« The physical picture is of electrons bunching on the scale of the radiation
wavelength and therefore emitting radiation coherently

« Slightly later a connection was made with earlier theoretical work showing that the
FEL did indeed operate according to the same principles as earlier devices (Kroll et
al., 1978) and so it eventually became clear that the FEL was essentially the latest
in a long series of electron beam devices that generate coherent radiation

* and also separately in R.B. Palmer, J. Appl. Phys. 43 (1972) 3014

Unifying physics, 2023, A. Seryi, JLab Slides: https://www.unifyingphysics.com/



Klystron

Sigurd and Russell Varian, who were working on IOT in 1937, added a second
cavity resonator for signal input to the inductive output tube

This input resonator acted as a pair of inductive grids to alternately "bunch"
and release packets of electrons down the drift space of the tube, so the
electron beam would be composed of electrons traveling at different velocities
Drift space

Input cavity Output cavity

Cathode Anode
(Electron gun) (Focus)
N/

Y PEEE

Electron bunches

| E— ®®®® \ Bunched
J rid Solenoid Collector heam —
coherent
radiation

Electron beam T

RF Input  \WW /VVWV RF Output
This "velocity modulation” of the beam translated into the same sort of amplitude
variation at the output resonator, where energy was extracted from the beam

The Varian brothers called their invention a klystron
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Klystrons

L Ui ) voltage in cavity |

cathode

— -

power
supply
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P . ] A ) I
cavities  [X]| coils =) B S A S A A A A
. ] v \‘ ““1ll'lf"l"r' Py : o
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, L webnurlo v
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[}
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output 0%
current in cavity 2

beam
absorber

This "velocity modulation” of the beam translated into the same sort of amplitude
variation at the output resonator, where energy was extracted from the beam

Unifying physics, 2023, A. Seryi, JLab
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Travelling Wave Tube
(Kompfner, 1947; Pierce, 1950) TOUTPUT

INPUT COLLECTOR
‘(—3 HELIX == 5/
m ,,,,,,,,
/ X ’bﬁb >
=1k m“‘ ’/‘U .
g e Helix slows down
=< the EM wave

allowing
synchronism with
the electron beam

ELECTRON A OIS STt PR SHAEEA HERN) CREren Sor et
BEAM HANNUERIS LA by MR RA e ROACATH RO

ELECTROMAGNETIC WAVE TRAVELS
FROM LEFT TO RIGHT ALONG HELIX
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The UBITRON

INPUT

ouTPuUTY

""" The first S-band Ubitron +7_~

| (3 GHz, 1 ~ 10 cm) |
\

|
|

| NPUT OUTPUT— |
r T WAVEGUIDE WAVEGUIDE 7
| |
\ BEAM l
ELECTRON 7
GUN \ | COLLECTOR
: : " ’ ’ g i | y I ’_L/__
o 24 {5
B Dol TTAnwE
s . Tn i if | AW R

INTERACTION
REGION

45" MATCHING
RamMpP

R. M. Phillips, IRE Trans. on Electron Devices,
vol. 7, no. 4, pp. 231-241, Oct. 1960

V-band Ubitron,

54 GHz, L ~ 5 mm
70 kV beam energy
150 kW output power
(hollow beam)

R.M. Phillips, Nucl. Instr. Meth. A272 (1988) 1.

Unifying physics, 2023, A. Seryi, JLab

MAGN

45" MATCHING
HAMP

ETRON

INJECTION
GUN
1

Undulating Beam InTeRactiON
Invented in 1957 (R.M. Phillips)

A '"fast wave" structure with a
new interaction mechanism -
undulation of the electron beam

Both a microwave tube and a
non-relativistic FEL amplifier

INPUT COUPLER,
RECTANGULAR TO
IRCULAR

wAVEGUIDE

8
COOLING
PASSAGES

LAMINATED STEEL
AND COPPER
INTERACTION CIARCLITY

SOLENOID
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The Ubitron invention

The ubitron (acronym for undulating beam interac-
tion) is an FEL which was setting records for rf power
generation 15 years before the term “free electron laser”
was coined. As 1s so often the case, the invention of the
ubitron was accidental. The year was 1957 and I was
searching, at the GE Microwave Lab, for an interaction
which would explain why an X-band periodically
focussed coupled cavity TWT oscillated when a solenoid
focused version did not. The most apparent difference
between the two was the behavior of the electron beam;
one wiggled while the other simply spiraled. Out of a
paper study of ways of coupling an rf wave to an
undulating axially symmetric electron beam came the
idea of coupling to the TE, mode by allowing the wave
to slip through the beam such that the electric field
would reverse direction at the same instant the electron

velocity reversed.
To remind — the TEO1 mode has transverse
From R.M. Phillips, Nucl. Instr. Meth. A272 (1988): electric field oscillating along the waveguide
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The Ubitron invention

From R.M. Phillips, Nucl. Instr. Meth. A272 (1988):
g

The potential for generating super power with the ta) PLANAR
new fast wave amplification was immediately obvious.
Here was a beam—wave interaction which required no
slow wave circuit, and the coupling region could be very

° n
N

[~ T

T
q

t 5

large. Any of the waveguide and beam configurations si Nl s N
illustrated in fig. 1 would provide 100 times the cross I
sectional area of a conventional slow wave TWT. Fur-

T CIRERCEC)
thermore, the preferred rf mode, TE,;, was unique in

having no axial wall currents, so mode selection should (b} COAXIAL
be straightforward, even 1n an overmoded waveguide.
Because propagation was fast wave, maximum rf field
was well removed from the guide walls.

W N[
(C) CIRCULAR

Fig. 1. Examples of beam-guide ubitron configurations which
provide 100 times the interaction area of a TWT.
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The Ubitron invention

R.M. Phillips calculated (on an analog P - P e
computer!) EM-wave — wiggling beam o~
interaction and saw bunching the beam: y g

o ——

Y /R iy S - [T T -- T S plepieglopuyeyl.
w '\\ = g %"
%:;—-‘-’-’-"
Fig. 5. Photograph of S-band ubitron which produced 1.2 MW '::fl" e
of power. Cotl currents were rheostat controlled. Cathode 1s . , . . .
hidden 1n the o1l tank. - - = ’

- Fig, 4—-Phase-space diagrams for electrons in a constant amplitude
From R.M. Phillips, Nucl. Instr. Meth. A272 (1988): wave rfeasured at intervals of 1/2 Pin z (x in Z).
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First FEL experiments at Stanford

HELICAL MAGNET

(3.2 cm PERIOD) amev suncieo 1 NE FIrst FEL Amplifier

Ny 37T ELECTRON
MIRROR OCOO(DOOCOOOOO(XEO MJRROR BEAM E =24 MeV
l ——5.2m —— % lpeax = 70 MA

A =10.6 um
MODULATED 10.64 20
RADIATION TO ) Peak gain = 7 % per pass
Cu:Ge DETECTOR MOLECTRON
e T-250
MONOCHROMATOR
CO, LASER

L.R. Elias, W.M. Fairbank, J.M.J. Madey, H.A. Schwettman,
and T.I. Smith, Phys. Rev. Lett. 36, 717, 1976

The First FEL Oscillator

E = 43 MeV "
| =26A HELICAL MAGNE
peak —
D] 43 MeV BUNCHED
%= 3.4 um A w2 g ReRDy T " ELECTRON
<Power> = 0.36 W == (0000000000000 == BEAw
Peak power = 7 kW 7 59 ™
RESONATOR | < 2m — RESONATOR
MIRROR I - MIRROR
A m S

D. Deacon et al., Phys. Rev. Lett. 38 (1977) 892
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Path to FEL invention
— Thomson and Compton scattering ~1920

— Klystron — 1937

— Travelling Wave Tube — 1947 - 1950
— Undulator — 1947- 1950

— Ubitron — 1957-1960

— Laser — 1958

— FEL - 1970

... @ connection was made with earlier theoretical work showing that the FEL
did indeed operate according to the same principles as earlier devices and so it
eventually became clear that the FEL was essentially the latest in a long series
of electron beam devices that generate coherent radiation...

This reminds us the connection between radar and CPA invention and the
overall trend of going from microwave range into optical range
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Path to FEL and inventive principles

Drift space
Input cavity Output cavity . . B . . . ”
Electron bunches Use principle “continuity of useful action™:
(Electron gun) (Focus) . . . .
= 0 ) (0e0e ® add continuous cavity to interact with beam

Hot Solenoid Collector
wire Grids Grids
U, fg Touqu

Electron beam T

v
RF Input  /VWW/ /\/WW RF Output

Use principle “going to another direction”:
add wiggling motion that connects EM
wave with the largest source of energy —
longitudinal motion

INPUT ouUTPUT

Fig. 2.1—Schematic of the traveling-wave amplifier.
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o [ ==={00000000000000000—==—1] BEAM
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MIRROR i F MIRROR
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£volution of cornp
and light sources
: |

|

ITers
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Evolution of cornputers
and light sources
!

.
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Further evolution of light
sources

Let’s assume that laser-plasma FEL is working

What are long-terms perspectives and evolution of
light sources then?

Let’s apply the TRIZ general laws of evolution
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Transition to a super-system

* Kinematic laws (standard TRIZ)
— The law of transition to a super-system

“a system exhausting possibilities of further
significant improvement is included in a
super-system as one of its parts”

Slides: https://www.unifyingphysics.com/
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FEL evolution forecast

FEL will be so compact
and developed that it
can become part of
another system, and
that system in turn part
of super-system

Slides: https://www.unifyingphysics.com/
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Nobel prize 2016 — molecular machines

Pierre Sauvage, J. Fraser Stoddart, and Ben L.
Feringa, Chemistry Nobel Prize 2016

TRIZ evolution laws allow to predict what parts

Static Laws of molecular machine would be invented next:

The law of the completeness of the parts of the system

4 parts: engine, transmission, working unit, control element

The law of energy conductivity of the system

every technical system is a transformer of energy and it should circulate freely and
efficiently through its 4 main parts

Most importantly -
these machines can become part of another super-system
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FEL and molecular machine
becomes part of another system

FEL is part of super-system
where it analyses proteins
synthesized by molecular

FEL is part of system machine, while the entire
where it analyses super-system produces
proteins synthesized patient-tailored molecular
by molecular machine machines for DNA repair

................................................
.

Molecular .
machines

for proteins
synthesis

Molecular :
machines .
for proteins - :

" AR

Microfluidic-Molecular ¢
machines for DNA repair.°

.
................................................
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Make this dream — with help of Breakthrough
By Design approach — a reality!

machines
for proteins
synthesis

Microfluidic-Molecular .
machines for DNA repair,°°

Laser plasma FEL is part of super-system where it analyses proteins
synthesized by molecular machine, while the entire super-system
produces patient-tailored molecular machines for DNA repair
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In combination with the art of estimations, TRIZ can be
very useful for university education and research
As an inspiration, as a very efficient toolbox, as a way to
connect different disciplines, as a new way to see the world —
Breakthrough By Design approach

Unifying physics, 2023, A. Seryi, JLab 77 Slides: https://www.unifyingphysics.com/



Thank you for your attention!

And thanks to all colleagues for materials
used In these slides

Questions?
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