6. Synchrotron Radiation

> Synchrotron radiation

Power. Collimation. Time structure. Spectrum. Brightness.

> Storage Ring based Light Sources

Radiation equilibrium. Swiss Light Source SLS at PSI.
The SLS-2 upgrade project.

> Free Electron Lasers
FEL schemes. X-ray FEL layout. SwissFEL at PSI.
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Lorentz transformation

Transformation from lab sytem K to system K’ moving at speed B¢ in z-direction:

/ /
£L‘/ T p?g Pz
g/ = M, 'g zy = My, Z‘Z
ct’ ct E’?c Efec
1 0 0 0 1 0 0 0
01 0 0 4 o1 o0 0
Me=100 5 -py Moo=l 00 5 +8y
00 =By ~ 00 +8vy ~

Moving particle: 2/ =0 — z = Byct’ and ¢t = ~yet' — lab system: z = Bet
4-vectors: space-time S = (z,y, 2, ict) and momentum-energy P = (Pxs Dy, P2y 1E /)

Length of 4-vectors is Lorentz-invariant.  |P| = VP - P = im,c
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6. Synchrotron radiation

Radiation properties

Synchrotron radiation power

Radiation of an accelerated charged particle (Hertz dipole characteristics):
Larmor formula, sub-relativistic
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Relativistic invariant formulation using 4-momentum P = [p, i

p, iE/c|

pa'pb:ﬁa'ﬁb_EaEb/C2 — p2:_moc

~ 2
dpP dp\> 1 [dE\? : 1, :
— ] = (—p/> — — (—/) with ¢ = —¢ time in moving system.
dt dt c? \ | dt ~

4-D scalar product:

(i)
dt

consider dp/dt’ || § linear acceleration — linac

dﬁ/dt/ L p circular acceleration — synchrotron
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6. Synchrotron radiation Radiation properties

Linear acceleration
Radiation cannot separate from the Coulomb field.

E* = (moc”)” + (pe)’ — 45 = gl (1 8% = 1/%°
N\ 2 _\ 2
(%) — <@> = (6E)2 (electric field) —

dt
B —>
Example: acceleration with gradient |E'| =25 MV/m — P=10"10W
per 1 m linac: electron energy increase 25 MeV, radiation loss 2 eV — negligi6le!

Circular acceleration
Radiation separates fast from the Coulomb field.

I dp _ _ dp
dE/dt" =0 — 27 =7 dt 2
centrifug2al acceleration Ccll_tQ = mé’ = % = % = BRE \
dP\" _ (BE ; e’ E B4
(dt/) - ( R ) P = 67rso moc? R? [SI] " v
2T R

Energy loss per turn U, = P

(radiation only in bending magnets)

4
_ .33 € € (E [GGV])4
Br~1 — Uo [ke\/] = 10 380 <m002> R [m]

88.5

Example: SLS at 2.4 GeV, R=5.7Tm — U, = 512 keV per electron.
max. current [ =400 mA — P =U, - I = 205 kW! — supplied by RF.

\ .
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6. Synchrotron radiation Radiation properties

Collimation

Acceleration in z-direction =~ —— max. emission in 4 and z directions.
/
Assume photon (3 = 1!) momentum in y direction: p; = E7 p, =0

/
Lorentz transformation to lab system:  p, = p, p, =& = YDy
4y’ 4y

4

Py

Collimation angle tan © = g_y — %
z

Example: ESRF at 6 GeV — © = 85 prad.

Beam spot 1 cm diameter in 60 m distance.

ESRF (European Synchrotron Radiation Facility) (Grenoble, France) —
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6. Synchrotron radiation Radiation properties

Time structure and photon energy

20 L .

A'—- Collimation — Observation from narrow sector
S |
> (small depth of field)

R pulse duration = time delay (electron — photon)

COIINC)

2RO 2Rsin©®
At = —
cl c

4R
1 ~ 1 z1+ﬁ — At = ——

\/1—1/’72 1_1/(272> 3673

— sinO xO — %, 3=

—> typical frequency 1y, = ALt and energy Etyp = hyp = iLRny?’.

Example: ESRF at 6 G&V, R=23m — Ei, = 65 kéV - Cife X-ray tube

Andreas Streun, PSI 127



6. Synchrotron radiation

Radiation properties

Radiation spectrum

i 333810 -
13 1.3338 -

dP __
dw —

(E =hw)

()

Define critical energy (frequency)

(0 0.777 €72 /et
\)
H/ )
10 3
10 -s |-‘ 1 T LB LR} Ll L) T TTThT L) 1 myrrrry T T 1T TTrrIT L L] LB}
10 10°° 10 10~ 1 E=wio,

o0
f: f K%(a:) dz

w/we

Fig. 7.12. Universal function: S(w/wc) = 28}@

(figure from: H.Wiedemann, Particle accelerator physics 2)

—— use BR=p/le —»
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6. Synchrotron radiation

Radiation properties

Angular and energy distribution

Power density

vertical polarization
(1/8 of total power)

horizontal polarization
(7/8 of total power)

SLS bending magnet

1.4 T, 2.4 GeV
— B.=54keV
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6. Synchrotron radiation Radiation properties

Brightness and Undulators

Brightness B = 6-d phase space photon density = spatial and angular flux density

- photons B _ AR
B = LU BW = bandwidth 22 (usually 01%)
B~ . 16 > Light sources require low transverse emittances.
Yy

Example SLS ¢, =5-10""rad m, €, & 5...10- 107" rad m
—  source size 0, = 45...160 pm, oy =2...8 pm  (for different locations)

Undulator magnet

— coherent superposition of radiation
— line spectrum
— very high brightness
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6. Synchrotron radiation Radiation properties

SLS brightness
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6. Synchrotron Radiation Storage Ring based Light Sources

The radiation equilibrium

Horizontal emittance in electron storage ring:

lradiation dampingy = equilibrium <« Tquantum excitation
independent from initial conditions !

£= double violation of Liouville’s theorem

friction (damping) stochastic single particle effect

classical radiation damping quantum excitation
initi hot ission:
N initial momentum iftial path zugdoer:w eeqluesrsglsrl‘oss
Pl .\ ]
5 1 " radiation %\
________ — in magnet \ N\
:—>
: I :ps

reference

\ acceleration
path for AE<0

in cavity

recirculation: @ particle oscillations: stochastic
damping of transverse momenta how to distribution of transverse momenta

ﬁ maximize this -- and -- minimize this ﬁ

o

| o)
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6. Synchrotron Radiation Storage Ring based Light Sources

How to minimize storage ring emittance

¢ Maximum radiation damping (V')
® increase radiated power = pay with RF-power
+ High field bending magnets? = quantum excitation higher too *

+ Damping wiggler: X |deflection angles| >360° (V)

¢ Minimum quantum excitation v/

m keep off-momentum orbit close to nominal orbit

: . orbit X
Dispersion = =
momentum Ap/p

0<0

%,

= minimize dispersion at locations of radiation (bends)

+ Horizontal focusing into bends to suppress dispersion. v/

+ Multi-Bend Achromat (MBA)
many short (= low angle) bends to limit dispersion growth. v/

+ Longitudinal Gradient Bend (LGB)
highest radiation at region of lowest dispersion and v.v. v
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Storage Ring based Light Sources

w Swiss Light Source SLS

Electron beam cross
section in comparison to
human hair

6. Synchrotron Radiation

PAUL SCHERRER INSTITUT

=

transfer lines
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)ll Current vs. time
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6. Synchrotron Radiation Storage Ring based Light Sources

SLS history

PAUL SCHERRER INSTITUT

=

1990 Firstideas for a
Swiss Light Source

1993 Conceptual Design Report
June 1997 Approval by Swiss Government

June 1999 Finalization of Building / | e ..
| FirstDiffraction mage at SLS
2000 - R Y

Dec. First Stored Beam

June 2001 Design current 400 mA reached - R \
Top up operation started N

July 2001 First experiments L

Jan. 2005 Laser beam slicing “FEMTO” R
May 2006 3 Tesla super bends o
2010 Completion: 18 beamlines

Beam current:
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6. Synchrotron Radiation Storage Ring based Light Sources

wumem  The SLS-2 upgrade project

5 10 X [m] 15 20

¢ Reduction of emittance to 100 pm-rad SIS
(factor 50 lower compared to SLS-1) (
¢ Miniaturization of vacuum chamber and

magnets: 65 mm x 32 mm — & 20 mm

¢ 7-bend achromat arc using longitudinal 5 1
gradient bends up to 6 Tesla peak field = ::
¢ Conceptual design report 2017 "2
prototype phase 2018-2020 "
new storage ring installation 2021-24 02 00 02

s [m]
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6. Synchrotron Radiation Free Electron Lasers

Free Electron Laser

3
Undulator radiation travels with beam, 10”" [T

acts like accelerating RF-field. I |

European i

10% | KPEL Lo

*
- &

SACLA -

= microbunching
bucket formation at radiation wavelength

7" swissFEL =
31

107 [ -
= coherent radiation u FLA%MI@EI ) =
. . 29 | ettra -

bunch < wavelength — radiates like 10
one super-particle. Radiated power: el ]
incoherent P ~ Ne? L B

- 2

coherent P ~ (Ne) o — _

¥ . SPring-8
= self-amplification ESRF
exponential increase of power with
path length P ~ %L

L,= gain length

1 023

10°"

Peak brightness (photons / s / mrad?/ mm?/ 0.1%-BW)

Power saturation at ~ 22 Lg

19
10
Peak brightness of FELs 10"  10° 10° 10° 10° 10
compared to storage rings Photon energy (eV)
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6. Synchrotron Radiation Free Electron Lasers

FEL schemes

Oscillator
not for X-rays
(no mirrors available)

SASE

Self Amplified Spontaneous Emission

start-up from noise — unstable

Seeded FEL

microbunching initialization

by external laser 1
(]

S. Werin, Tutorial on FEL,
http://cas.web.cern.ch/cas/BRUNNEN/Presentations/PDF/tutorial-on-fel-011005.pdf
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6. Synchrotron Radiation Free Electron Lasers

(X-ray) FEL layout

5 A = undulator period [~ cm]
Wavelength A ~ 2%

: | o — F~2...10 GeV
2y A = radiated wavelength [~A]

1
. 1 Ele\ 3 _ .
Gain Length L, ~ — high peak current I > 1 kA! 0, <1 mm

B. /A ¥
. i L.
undulator beam
Diffraction limit: € < 4); s e~ 107" rad m

. . i ] .
0. €, out of reach for storage rings —— use linac: e ~ & by pseudo-damping

— Low emittance electron source developments (laser RF, nano field emitter etc.)

Laser
pulses

Electron gun

=
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"
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PAUL SCHERRER IHSTITUT

SwissFEL at sa-1- m

6. Synchrotron Radiation

Free Electron Lasers

Phase 1, 2012-17 4 )
’ Phase 2, 2017-19
Seed dArtagnan Athos 0.7-7 nm
BC1 BC2 eedh — — (8
\_ / ),
Mmm@mmfmm@}m J > Aramis  04-07nm
; | : : | 2.1 GeV ! —>{#)
i I | I 1 3.4 GeV 58 .GeV
| ! I 1 1 | I :
I ! | 1 : I | |
Gun & Booster Linac 1 Linac 2 Linac 3 Undulators User Stations

>

< 715 m

Aramis: 1-7 A hard X-ray SASE FEL.
Pilot experiments since mid 2017. User operation from end 2018.

Athos :  7-70 A soft X-ray FEL for SASE & seeded operation .
(2" phase) User operation 2020.

Beam parameters:
E. .= 35.8GeV g, = 0.35 um AE =350 keV
Q =10..200 pC [..=3kA 100 Hz rep.rate

peak

Andreas Streun, PSI
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6. Synchrotron Radiation Free Electron Lasers

Status Oct. 2017

Construction and
commissioning going on

Delivery of linac
modulators in progress:

- energy 1.9 GeV
(final energy 5.8 GeV)

E Pilot experiments at 1 keV

{
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