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DESY Machine History

2000 Employees, 3000 International Guests
(100 apprentice, 100 undergraduate, 350 PHD, 300 Postdoc)
Annual Budget: 230 M€

DESY founded 1959 as an Electron Synchrotron Facility for Elementary Particle Research

1964
1974

1980
1984
1993
1978
1990

1997
2005

2007

2009

2012
2014

DESY (Synchrotron) e- 7.4 GeV
DORIS (Storage Ring) 300m et/e- 3.5 GeV (later 5 GeV)
HASYLAB@DORIS

Upgrade with 7 Wiggler/Undulator Beamlines
Dedicated SR Source at 4.5 GeV

PETRA (Storage Ring) 2.3km et/e- 19 GeV
HERA (Storage Ring) 6.3km pt/e- 920 GeV / 27.5 GeV (using PETRA as Booster)

FLASH (Free Electron Laser)
Dedicated User Facility

Shutdown of HERA and Reconstruction of PETRA - PETRAII
PETRA Il Dedicated SR Source at 6 GeV  (presently most brilliant SR source worldwide)

Shutdown of DORIS
FLASH Il (Extension of FLASH)

Participation in the European XFEL project
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Synchrotron Radiation

wiggler / undulators

strongly collimated

high intensity

wide spectral range

| bending magnet
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synchrotron Radiation from Storage

Electron Beam

%
....

i p HF-Cavities
_‘ \ Bending magnet

e-v-B=

D
.00,
R

o,

Bending magnet photon beam

Wiggler/undulator photon beam
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Maxwell Equations ﬁ

. - (0 0 0

Free space, Sl-units V= ,—,
ox Oy Oz
Gauss’s Law Y. E = divE _ P Charge is source of electrical field.
for E-Field &, Electrical field lines diverge
Gauss’s Law 6 E — di E —0 Magnetic field has no source
for B-Field D=Ealvb = Magnetic field lines do not diverge
Faraday’s Law G EerofFe OB Magnetic flux density changes
of Induction XL =rotrn = _5 cause a closed electrical field (curl)
Am pere’s 6 E . B . j oE Electrical current and flux density changes
circuital Law Xb=rothb = Moy + & - ot cause a closed magnetic field (curl)
1

g, : free space permittivity
Mo : free space permeability



Electromagnetic Waves f_'

Free Space, no charges, no currents: |dentity:
V.E=0 |, WEZ_Z_B Vx(VxX)=V-(V-X)-V°X
t
= Leads to:
V:B=0 . VxB-- R o
C E ~ B —
— = ~V’E=0 and —- > ~-V’B=0
c” Ot c” Ot
Solution: Plane Waves
E =E, sin(-at +k - F) o
- E J‘ B J‘ ﬁ propagation
B=B,sin(-wt+k-r)
27 - 21 .
W = 7 and k = 7 ) npropagation
Energy flow density (Pointing Vector) S = <. (Ex E’)



Gallilei-Transformation

(x)

\ )

Spatial vector:  {x,y,z}
Time t

X =x

y =Y

z =z- v, I

t =t
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A y*

< x*
Rest frame z

Transformation of relativistic mot

Space-Time four-vector

Lorentz-Transformation

y =y
z =y(z—B.ct)
ct = y(ct—p.2)

(x) (1 0 0 0 ) (x)
y| |01 o0 0 | |y
z| |00 y =Br||z
ct) \0 0 - By 7 ) \ct*)
v, 1
/Bi:_ s V=
C

Time Dilation
dt=y-dt

Length Contraction

*

a’xzdi

/4
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Transformation of relativistic mot

Momentum-Energy four-vecto i

A y*

x*
<[
Rest frame z'

X
< Energy:  E=y-my-c”
2 Momentum: p = ]/ . mo -y

Lorentz-Transformation

)

\ (P,
(Px 1 0 0 0 ) p* 7
Prlfor 0 o | |P > P -S=-mc’

= * C
% 00 y —By||P
=1 lo o - E
KCJ \ o Y ) KT/
V. |




Static field of an electric charge

m
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Uniform motion

Observer

v

ﬁ
EL_O >

no energy flow
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S = X
N
Energy Flow 4
(Poynting vector)




sversal acceleration (perpendicula ﬁ

*
~ a
E| |= 97 c0s®’

2
c'R
> Z*
Energy Flow
(Poynting vector)
—> cC =2 —>
S=—B X
4 | EL
- C % ) Ak
S=—I|FE |'n
5 E 4
Acceleration a° 1




Total Radiation Power (1.

O Cm—ry

|
N

2 *2 -2 N
:j c q4a2 sm2®* A
547 ¢c’R™ | cos” O 1

1 S
. P R"smm0® dO d¥
a =— Spherical coordinates
n,
2
2 — *
. Zq dp Larmor Formula
P .




2q° (dp
3moc’ | dt

tz Invariant Representation of Lamc ﬁ

Lorentz invariant Momentum-Energy four-vector

E =2 E2 2 2
pxapyapzaz p ——2:—mOC

C




ear (longitudinal acceleration alo

E:moc 2 2 2 2 o 0
,t —der :
p =ymyv dE dp E d(Zoc )Z"‘pdc t —derivation
., E? ) — —— = VY +——  becausse 2F. E—Zczp-jlz ,substitute E and p
P s e dt dt
v ap _1 dE ax_dE
l-—=— dt v dv di dx
4
2
po 20 Wj ! (dE” *' 29" (dE
2 3 ) T g, > linear — 2 3
3m;c dt ¢\ dt W e 3m0 C dx
dt — dx
Example: Linear electron accelerator (Tesla) > dE/dx ~ 40 MeV/m
P, P, 2¢° dE

linear linear

“Efficiency” 1] =
dE yadE 2.4
L vy i &

\

V=C

~ 10716



Note:

ircular (transversal acceleration alc

2 4
2qg° E

circular 4 7 2
3myc’ R

4
Ijelectron —_ & —-1.13- 1013
P m

proton



Decomposition of radiation pulse into plane wave components:

o (@' K . o

E =EO°€ with |} :275;3 _ % 2
1 A C
phase

o’ [ct’-n x-ny-n, 7] = ofct-nx-ny-n,z]

= o*[yet -y, z-n,*x - n *y - n,*yz + n,*yp ct]
x* =X 1

® = o*y[1+n,*[,]

z =y(z-p.ct)
of = y (ct B ,BZZ) Relativistic Doppler Effect




haracteristics of Synchrotron Rac ﬁ

o’[ct-n x™-ny"-n,z]= o[ct-nx-ny-n,z]

= o [yt - VB, z - nx*X - ny*y - nz*YZ T nz*YBth] y .
—_— nx :
I’lx = 1 "
y(+ f.n,
n,
n,= - ni+n§:sin2®
y(1+ B.n.) — cos® . Sin®
ﬂ % n, = COS — Slﬂ@z (1 IB ®*)
+n " " . ) + . cos
n, = | 2 = nx2 +ny2 =sin° ® 4
+ n £ % *:
(I+f.n, 2 = cos© l ©'=90°
Z: direction of motion 1
: O~_—

X: direction of acceleration
©®: angle between given direction and direction of motion (Z) ]/
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L* (Rest system) L (Laboratory system)

X

Z

v = 1957 -E [GeV]

Example PETRA lII:
E=6.0GeV - y=11742 -> © =0.0085 mrad = 0.005°




gular distribution of emitted radiat ﬁ

L (Laboratory system)
L* (Rest system) (

X
.........................................
.........................................
.........................................
.........................................
.........................................
.........................................
.........................................
.........................................
......... ﬂ..............Veloc“y.v:ﬂ_ﬂoc........
.........................................
.........................................
.........................................

Z .........................................
.........................................
.........................................
........................................

vy = 1957-E [GeV]

Example PETRA lII:
E=6.0GeV - y=11742 -> © =0.0085 mrad = 0.005°




cture of radiation emitted by a single f_’
2P

S
t :izz—p-sin(l] lL=—m—— ,V=C g
1% —» e

Example:
DORIS 1li

y = 8806

p =123 m
At=21020¢g




. Signal I(t)

0 Time, t

4+ Fourier Components A(®)

Frequency, ®

©. ® Y2 A®

Fourier Composition |




onvenient formula for the critical ﬁ

3
y 6c FE
Critical Energy £, = h
2
(moc )3 P
Central Force = Lorentz Force
3 335 m-v: E-v
~B[r] P
= E
£ e-c-B
. 2
gives &, = 0.665-F [GQV]° B[T]
Example PETRA Il
Particle Energy E=6.0 GeV
Curvature radius of bending magnets P=2292 m
Magnetic field of bending magnets B=0873 T

Critical photon energy from bending magnets 20.9 keV =0.06 nm



gctral photon density of a bending f_'

d_N:] i S[mj . S(f)—if _[Ks/3(§)d§
o |\

Bessel Function

1.333515.

jS(f)df :% 0.010

0001 T |l||l||| LI ||||||I 1 |||||||| I IIIIIlIi I IIIIIII| ->
0.0001  0.001 0.01 0.1 1 E=wlo,



: Transversely accelerated relativ

E4

4 12
mg, - R

1. Emitted radiation power oc
2. Observed spectrum shifted to higher frequencies due to
Lorentz Transformation (Relativistic Doppler Effect)

3. Wide frequency spectrum due to short pulse duration

4. Radiation mainly observed in the forward direction due to
Lorentz Transformation
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PETRA lll Parameters

Positron energy (E)

Maximum positron beam current (I)
Circumference

Number of bunches

Bunch Length

Revolution time

Bunch Separation

Maximum beam lifetime

Horizontal positron beam emittance (g,)
Coupling factor
Vertical positron beam emittance (g, )

Positron beam energy spread (rms)
Curvature radius of bending magnets
Magnetic field of bending magnets

Critical photon energy from bending magnets

Radiation Power at Dipole

100
2304
40
100
7.6
190

0.01
0.11
22.92
0.873
20.9

52.3

/ 960

/8
| 24
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psec
psec
nsec
h

nmrad
%
nmrad

%

keV

kW



Ensemble of Electrons in a Storage ﬁ

Electron Energy E,
Dipole Field B, Bending radius R => Photon Intensity I(0,¥,®)
Beam Current |

HF Cavities 2 Electron Bunches - Pulsed time structure

Quadrupoles, Sextupoles (Focusing ) - Emittance g; and B-function -
Electron beam size ; and divergence c*

E_O'O' E_O'O'

O, = =4/ € = A / E 2
lB lB z ,photon \/ zelectron z ,ph

| —
Gx—gx/ax , Gy—é‘y/dy

rms-values
Dipol (Bending magnet)

> C\

Horizontal divergence defined
by aperture slits



e, Beta Function, Beam Size & Dive

Beta Functions 3, and 3,

Petra Il segment (100 m long)

A |
Clo40. v 960.

980.  1000.
Position along storage ring /m
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PETRA Ill Emittance:
=1 nmrad
e, = 0.01 nm rad

By=20m ______5
By=3m

Horizontal beam size oy 0.141 mm
Horizontal beam divergence G’ 0.0071 | mrad
Vertical beam size oy 0.00548 | mm
Vertical beam divergence G’y 0.00182 | mrad




Total Flux F
number of photons
per time

Spectral Flux
number of photons
per time and energy

[ F ]: Number of photons
S
[F]— Number of photons
s-0.1%BW

Brilliance B
number of photons
per time, energy, solid angle

5]

Number of photons

semm? -mrad®-01%BW

and source area

Peak brilliance Break
brilliance scaled to total pulse duration

peak
B = f

B T - pulse duration

- pulse frequency

TX f
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