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Theory and Design of
Charged Particle Beams



OUTLINE

* Principle of synchrotron radiation

e Synchrotron light source

* Basic physics of storage ring

* Emittance and lattice structure

e Lattice structure for ILSF storage ring
* Nonlinear optimization
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Properties of Radiation

e Spectrum of electro-magnetic radiation

Spectrum of electromagnetic waves

Radio waves Microwaves Infrared Visible light Ultraviolet

Wavelength scale
1 10 10¢ | 102
(metre) (millimetre) (micrometre) (nanometre)

< >
Synchrotron radiation is used for

experiments typically over this region

CHIDN

. " . . . )
Page: 3 15t IPM Workshop on Accelerator Physics and Engineering, October 11-12, 2023 (59l b o0 Lt g o



Properties of Radiation

Light characteristics suitable for experiments Flux of radiation:
* High brilliance number of photons per second

e Coherence
e Polarization Brightness of radiation:

flux at a specific wavelength divided
by source size and divergence

e Short pulse
e Stability
e Wide spectral range

Coherence of radiation:
are the photons produced in phase
or not?

e Higher photon energies

| Fine Mist for Watering Plants

Low brightness: low

photon density on sample Polarization of radiation:

directionality of radiation field linear,
circular partial/full polarization

Power Stream for Siding, |

Pt High brightness: high
photon density on sample

Synchrotron light sources give some control over all these properties
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Where X-RAYS Come From

e Accelerated charged particles are emitting electromagnetic radiation.
* We can move charged particles using the Lorentz force.
« F=q(E+9x%xB)
* If the charged particle is moving very fast, the radiation is emitted in a cone, with aperture%

* (v =1 Eeo = 0.511MeV,Epy = 938 MeV')

detector
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Bending Magnet Radiation

4
. .. . . . 1e?c 1 E
Power emitted by an ultra-relativistic particle in a bending magnet: P = -—— (—2)
6 TEm P2 \mc
P
. 3 hc
Critical photon energy: E = E? ]/3
Photons number Wavelength (A)
10000 1000 100 10 1 0.1
1.'].14
Bending
magnet v
1.']13
Bending
Observer 1012 —mﬁgﬂek
1011
o
2l 1010//
109 X ray tubes
sun
4 i
What would happen if we put protons instead of electrons? l0?/ L

1eV 10eV  100eV 1keV 10 keV 100 keV
Energy
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Undulator Radiation

We can build magnets to have this kind of trajectory inside: undulators and wigglers
3

u
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T T T 1 T
gap
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Wiggler

Brilliance

, Wiggler

/1 J\\/\\

U VU YU
Bending magnet
| | | | |

5 10 15 20 25 30

Photon Energy [keV]
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Synchrotron Light Source

102
10
102
102
10

10%
10%®

101‘

4™ GSR (ALSU)

10%2 : _
1
4 3 GSR (ALS)

108

Average brightness (photons / sec / mm? / mrad? / 0.1 % bandwidth)

— Candle
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Light Sources Around The World

- BESSYII ¢ o *’3%
i o SPEAR3 &
. ASP ¢ & 51LS Soleil
® ®
4L ALS - SS5RF .
v E ALBA FL @ Diamond 3rd generation
E Z [ ] e NSLSII
- - TSP
E.. I Elettra-11 Spring 8
- .
S [ e
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Synchrotron Light Source

Linac and booster |
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storage ring
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Brightness

Brightness:
The concentration of radiation is called the brightness, measured in: Photons/(s,mm2, mrad?,0.1% bandwidth)

F :
B = Ty, For Undulator with L,, = N1,
Yov = |02, + 0f Convoluted size g, = |l 5 |
X,y - X,y A 2 87'[2 P EA T ZLu
S = |02 + 02 Convoluted di 1, =2 (1+5), Kk = 0.9336B,1
xryr = [Oxy T 0] onvoluted divergence n = ny -~ ). K=0. 0y
Emittance:
The emittance represents the electron beam transverse size and divergence. It could be defined as a total
phase space area occupied by the beam. €, = 0,0, €y = 0,0,
F —p  pushing the emittance to lower values is an efficient way to increase the brightness
B, <
N an2Ke?
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Diffraction Limit

Diffraction Limit:

* Because of diffraction, the lower limit on the photon beam emittance is given approximately by the wavelength, 4. Using
standard deviation values for Gaussian distributions, this diffraction-limited photon beam emittance is given by 4/4 .

* For the light produced by electron beam, photon beam brightness increases as electron beam emittance decrease until
the electron beam emittance reaches the diffraction limit.

* All storage rings are diffraction limited for some A.

Wavelength [nm] Photon energy [eV] Diffraction Limit [nm rad]
Visible light 400-700 1.7-3 30-50
uv 10 - 400 3-123 0.79-30
VUV 100-200 6-12 8-16
Soft X-ray 1.2-12 100 - 1000 0.08 -0.8
Hard X-ray 0.12-0.24 5000 - 10000 0.010-0.020
Light Source Generation Emittance [nm —rad ]
Second few hundred
Third 5-20
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Basic Physics of Storage Ring

The most convenient coordinate system to describe particle motion is the

curvilinear (Frenet-Serret) system that follows with the particle along the
reference path.

individual
particle trajectory

Equation of motion :

| B |B(T) | 1 1

- 2 o299 2D = Kox + kx + m +...), reference
o () = 5, = 0298y Gev) 55 kor : )

| | 1

e A (-84

P po(l+68) po Source of

Dispersive term Chromatic error

I

X (k + kg )x = [koe (8 — 82)| +|(k + k5 )xS

| — L koka® + O(3).

Focusing term 1

Sextupole term

15t IPM Workshop on Accelerator Physics and Engineering, October 11-12, 2023 : : D @ [ YH

ol sl pifooliin g 4

Page: 13



Basic Physics of Storage Ring

equations of motion in the approximation of linear beam dynamics :

X+ (kotkg,)x =0,
V' —koy=0.

W +k(z)u =0,

u(z) = e/ B(z) cos[¥(z) — o).
“odz
V(D) = /O S+

v + 20ud + Bu* = e.

-oLVely tan2¢ = 2a/(y—P)

- i

v

area:A = Te
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Low Emittance Lattices and the Diffraction Limit

The horizontal emittance in an electron storage ring scales as the square of the electron energy and the

third power of the bending angle.

A ~ / 2n3
€qirf(1) = y e,.~F(lattice) E<0

H(s) = y(s)n(s)? + 2a(s)n(s)n'(s) + B(s)n'(s)?

Y HE) /() ds
¥ q]x 951/p(s)2ds

€

1+ a(s)? ' AX
y(s) = a(s) = -2 n(s) =
B(s) 2 Ap/po
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Radiation Integrals

Many of the critical properties of the stored beam in an electron storage ring are determined by the well-known

radiation integrals.

The equilibrium state, by which the equilibrium parameters such as energy spread, emittance, and bunch length are
determined, is reached when quantum excitation and damping are of equal strength.

H, = Vx ’?i + Zaxﬂx Npx T By ’?g:x

Radiation Integrals Parameters name Parameters
I = 35 %xds Momentum compaction | @, = ’E—'
1 _ 2rE'I
I 35 p ds Energy loss per turn Uy = A(me?)]
! 2 _ 55 Ry s
I3 35 o] ds Energy spread T% = 3R me T
L= f 2 (Lo Zk) ds Damping partitions Je=1-% 1 =2.5
Is 55 H—§‘| ds Damping time T = B.;,jl—p-E-”
B
k= €%y o
Po ox Emittance €= B8 _hy” Is

T 323 me Ix-1y4
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Storage Ring Magnets

Bending magnets (dipoles) y Pipole g
have uniform constant vertical magnetic field By=Bo - B>y
They bend the beam and they define the circular trajectory. I
Quadrupoles: X t t i LT | | ‘ X
magnetic field is linear with the distance from the center By=Kix } | | | T * ‘ l
They are used to focus the beam. B
B ox ——T— Quadrupole

Sextupoles: y t B,
magnetic field is quadratic with the distance from the center By=K2x?
They are used to correct chromatic effects. :

X

Sextupole
X
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Storage Ring Magnets

trajectory of particle with hor. velocity (synch. rad.):
without quadrupoles

trajectory of particle with hor. velocity (synch. rad.):
with quadrupoles

== == mm == With nominal energy

w=w= wm == With energy deviation (synch. rad.)

X A trajectory of particle with hor. velocity (synch. rad.):
with quadrupoles

g=SpEgEe=g

X A trajectory of particle with hor. velocity (synch. rad.):
with quadrupoles & sextupoles

ws =m wm = With nominal energy

== mm wm wmWith energy deviation (synch. rad.)
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FODO Lattice

The most simple periodic lattice would be a sequence of equidistant focusing quadrupoles of equal strength.

Each half of such a lattice period is composed of a focusing (F) and a defocusing (D) quadrupole with a drift space (O)
in between forming a FODO sequence.

The FODO lattice is the most widely used lattice especially in high energy accelerator systems because of its simplicity,
flexibility, and its beam dynamical stability.

FODO Cell

FODO Period

\/
A

<===l---

——- 1% QF QD Vs QF ~—1—

—_ __EE}____

N~
o ——
|

12 QF QD
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FODO Lattice

0 PA Lattice Design Code

Linear Lattice Design http://ados.web.psi.ch/opa/
FODO parameter k by & opazgid o X
File Edit Design Track Extra
Editor | Optics Design | Sextupoles Phase Space
K = ! > 1 f~l=kt.
L active File Memr
active Segment ISElECt |
: Expanded Lattice structure:
Drlft 1 ——E' (0 elements) —-——————————————————————————
BE length 1
QU length 0.2
K 1
Bending angle 10
N period 18 ;
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OPA Lattice Design

& cditor - O % | @ opPa3sgld - O *
File Edit Design Track Extra
Global Parameters Beam Energy {1.0000 GeV  Comment Editor | Optics Design | Sextupoles || Phase Space
actve File [AE
Elements and Variables Segments active Segment [se1ect! | ShowLatice |
—— new entry —— —— new entry ——
________________________________________________________ Y
Expanded Lattice structure:
FLEMENTS) ———————————— e —
@ Create an Element — O ot
Create a new elementfvariable
]
Name |Harker
Quadrupole
Bending y
Sextupole |
Solenoid it
Undulator
Septum v
Irwvert all dipole polarities Set all apertures ta (%A in mm]; | |5E|-':I |5':|-':I Exit
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OPA Lattice Design

& Text Editor — O %
[{E:~ILSF~opa~3R0-3pole.opal ~
Energy = 1.000000;
BetaX = 14.0725120; AlphaX = 0.0000000; & o ET——
EtaX = (.6010999; EtaXP = 0.0000000: e
Beta¥ = 5.1734989; Alpha¥ = 0.0000000; o= | = | == | =< | I | —= | - | sBew | vBw | #Dw | vow | ato | pise | sawe | cear | [Periodic | | ~
Eta¥ = 0.0000000; Eta¥P = 0.0000000; 18
I 115.200
I Variahles ——--- - oo T 201 360.000
360.000
1s - 4 182252
f--—-- Table of elements 2.57560
____________________________________________________ -1.386
16 - 2 2018
DR : Drift, L = 1.000000, Az = 50.00, Ay = 50.00: 3”051;‘3
14 - Q :
QF : Quadrupole, L = 0.100000, K = 1.000000, Ax = 50.00, &y = 50.00: N 1.000
0D : Quadrupcle, L = 0.200000, K = -1.000000, Az = 50.00, &y = 50.00; £ z ;‘;‘j”
" - -2 O X
BE : Bending, L = 1.000000, T = 10.000000, K = 0.000000, T1 = 5.000000, S e
T2 = 5.000000, Ax = 50.00, Av = 50.00; 210- oh
E L 49.781
o B 16,696
L 0116
f----- Table of segments -6 END
____________________________________________________ B.400
61 s 14.073
CELL : QF, DR, BE, DR, QD, DR, BE, DR, QF, MNPER=18: 0.0000
1 173
{EILSF~opa~ZR0-3pole.opal ¢ -10 0.0000
B.G011
2- 0.0000
-12 0103
5 0.1431
1] 1 2 3 4 5 @ 3.09642
- ] L] 0.0000
Knob 1 zese] 21| Rnab 2 zese] 2| Rnab 3 zese] 2| Rnab 4 zese] 21| Rnab 5 sese] 21| Rnab 6 Sese| 21 “f:“r E;:.:lﬂopff fomentur
y LabK editk LabK editk LabK editk LabK editk LabK editk LabK IeditK TuneMatii{ Matching [wite oM
x| o | = o | = o | = o | = o | = s | —a
Test | ~ min = = [max min = 2 [max min = = [max min = = [max min = =4 [max min = =4 [max Frint —>b(t|->G Exit
Print |
OK |
Cancel | v
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OPA Lattice Design

&% Tune Diagram - x
Drdelll;l |2
&Y optic - O X 1
= | == P == | = | — | —1 | nBw | vBw | spbw | vDw | auto Disp save clear | ~ ;
18 4| 8.1
15200
1.0 360.000
16 | 360,000
F.26942
R 56564
12 0.5 7604
5568 6.0
42.71
12 | 0o 086313
1.000
= - 45,967
- =
w10 | E 15.4
& -0.5¢% 0.346
= -t
8 i 57.675 seed N
e : 49.761 z +
E A 23296 :
o 1.0 o7z
ol END
5,400
s 11.920
N 0.0000 .
1.100
0.0000
N -2.0 1.2408
0.0000
02927
. 03270 B
) 1 2 3 4 5 G 012916 5.7 AT
' = nnoon et
Start  |Erwvel
[gF | iesei X|| Enoh 2 ?esej | Qesej X| Enoh 4 ?esej #|| Knok 5 ?esej #|| Knok 6 ?esej x| Iineﬁ;r (iz:;u(;f domentu
k [1/m2] |2.55| Labk IedltK k[1/m2] |—2.55 Lakik, IedltK Lakik IedltK Labk IedltK e | Gy o - e A A
(| g || = | ||| [T i | i e | i | = ox
|-2 = s Imin = = [max -4 = =] min = I e min = =] Imax min = =] Imax Print o5 Exit <=3 >=<| <] >] A] ¥] 0] Espor
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Tune Diagram

Betatron Oscillation Q = 21% p(s)ds Q) = Qint + Yirac
— T Jco

resonance condition : m-Qy+n-Q,=p

geo-Z [a.u.]

The order of the resonance is given by |m| + |[n].

> 595 , et a o T 2 m
50.45 A i S RN G S i

59.4 ity %ﬁ%‘ S| e ?
59.35 — AR % A\ R SRR

59.3 N Ny e i

A7
B
"
|

59.25 fg==most

50.2 ey

59.15 S TR Py Ny

The number of transverse oscillations a particle —~ .
describes per turn as tune Q of the machine. == ey

50.05| TN RN AR S AN AN

I

T A P R i P A P . T W i
5%4 64.05 64.1 64.15 64.2 64.25 64.3 64.35 64.4 6445 645

> @PL
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Lattice Structure

€ = FCy?0° C, ~3.832x 10713
Lattice Style F Conditions
90° FODO 242 f=L/2
137° FODO 1.2 Minimum emittance FODO
1
DBA = Beo = J12/5L, a, o =~ V15
1 Lo =
TME 12415 Nxmin = 2, Bxmin = L/2V15
MBA 1 (M+1) M dipoles (with same radius of curvature) per cell
12v/15 \M-1
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Lattice Structure

Huﬂ]]]]]]]]ﬂm]]u oo uﬂﬂ]ﬂ]]]]]]]]]]un

30. Windows }\I/'T 4.0 vers{on 8.23dl i . 26/1 0/1:? 17.27.24 0.60 :

N =
20. 4

15.

f i

Loss 2
L o.50
L 0.45
L 0,40
L 0.35
L0.30
L 0.25
Lo.20
L o5
Lo.10
L 0.05

10. 4

w —

&/ prc = 0

A LTI =

37.5% 12.5% 12.5% 37.5% = g

35.0 Windows NT 4.0 version 8.23dl _ . . 271043 153047 4 0g5

D

- 0.080
-0.075
- 0.070
- 0.065
- 0.060
- 0.055
- 0.050
- 0.045
- 0.040
- 0.035
- 0.030
-0.025

I Sy Ry 5 S/ RS B S s S/ R G
s (m)

& pe =0,

Trhla mraman — TIWICC

. st . . . _ g L UL
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ILSF — MBA Lattice

* MBA lattice proposed for the first time in 1998.
* MBA structure satisfies at the same time all the criteria for pushing down the emittance.
* MBA needs much stronger magnets to squeeze beam dimension to much smaller values It means

that we need small aperture vacuum pipe.

0.1

0.05
E
[ =
S
o
[0]
Q.
@
©
0
-0.05
0 3 6 12 15 18 21 24 26.4
s [m]
/ : | : 5 \
i Matchin : : : : A//ﬂﬁ';/' :
{ g cel| h ! ‘ . i Matc! \
/ . "- itcell , ¢ Unitcell » o unitcell p; =
' h i 2
2 94 4! Qs 504 A
S1s2" BE1 BEl ¢ S
S3 54 55 BE2 gove,We BE) SWONCL BE2 g S4 3 .
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Table 1

Main parameters of ILSF storage ring.
Parameter Symbol Unit Value
Energy E GeV 3
Circumference C m 528
Number of super period - - 20
Length of straight section m 7.021
Natural emittance £ pm rad 270
Betatron tune QI/QJ, 44.16/16.20
Natural chromaticity ESE, -107.79/-61.30
1st order momentum fompaction a, 1.824 x 1074
factor
Natural energy loss per turn Uy keV 406.4
Matural energy spread A 6.79 x 1071
Damping times T, /1,07, ms 18.857/26.002/16.039
Radiation integral, I, I, m 9,631 % 1072
Radiation integral, I, 1, 1/m 3.564 x 107!
Radiation integral, Iy I 1/m* 2021 % 1072
Radiation integral, I, I, 1/m —1350% 107!
Radiation integral, I, I 1/m 1.003 x 107%
beta function at straight section B4 B, m,/m 17.787/3.294
Min/Max horizontal beta function  f, ,../f: e mM/m 0.207/18.608
Min/Max vertical beta function ﬂyﬂx!‘ﬂy_&ﬁn m,/m 1.740/27.195
Min/Max horizontal dispersion Nontind/Menaxe  C/em 0.000/7.776
RF frequency MHz

15t IPM Workshop on Accelerator Physics and Engineering, October 11-12, 2023
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Challenges of Multi Bend Achromat lattice

Tight

tolerances

A A

Beam stability
(sub micrometer)
Ultra low /

Strong
: emittance ineari
High \ Strong / nonlinearity
Brightness \

\

magnets

Small gap Strong collective
magnets effects

A 4

device

Short life time
Low gap insertion /

Efficient injection
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Challenges of Multi Bend Achromat lattice

Electronbeam
‘2,‘ ﬂ Fig. 8 Vacuum chamber comparison between 3GSR and 4GSR
2 in DIAMOND

. " . . . )
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Nonlinear optimization

Quadrupole focusing strength depends on the particle momentum

— = 0.02

H
dispersien [m]

Natural chromaticity:

(1) Av
‘f Ap o7 <0 s For |LSF case: &, = —115.38
> £,= —74.66

For 22=1% —» Av, = 1.15

P Chromaticity is and index shows how much strong quadrupoles
Av,=0.75 have been used in the lattice
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Nonlinear optimization

Using the sextupole fields will make the dynamics of electrons nonlinear

. 1 2 2
Sextupole field : (B, = gxy, B, = >g(x* —y*))
2
Produce geometric aberration, higher order chromaticity and resonance deriving terms
& Chroma - O *
Target Value Weight inc & Name K [1/imZ] lock
- bz sl
ox Hzloo00 19-76_;|i| r _ﬂﬂmﬂﬁlﬁl‘“_ﬂ”— @ Dynamic Aperture Tracking - o =
o mono .o I - < | <dd[iesz et
Qx-2Qv H10020 == [ - N r [ sa [z6-663 zes] oze| ™ ("‘ duE's e s D e s .
ne20y w0200 so.7: N | EW - < B .
20 H20001 .o [ - P | ¢ S5 <4 <l[-17.035 |53 e oedl T dp/p affset [%] 0.00
2ay - HOO201 o-=5 I - N - —= 10 4
ox H10002 U.Ul_;lil max|ElSL||1D.D step B3L|D.D1D S_tl Turms I-IDDD—
oo ] |E | .
0.an 1
EE_ = Trackpoint [m] 8
s oo -77.7: [ | (N | ¥ . ;
doxy, vx [0 00 _5215'52_;|i| Test grid parameters S
dQvy W ~41409. 66 _ ;I il Cells harizontal ;I b5 ll I
= LA
Cells vertical ;I 33 ;I 4
[~ Element Apertures A [rmim] ISD.DD 24
Ay [mm] |3D.DD H I-I
Q T T T T
X [mm]
San (631)°2 12053, 00 (Y FON +] oifib.oomeg _Soleel [Vinmiermisiop 1200 -
[20 periods Sealing [mm mrad. %7: 2.x 2Jy [30 dpin [3 [Res)x10* [+ e Start |1.40E+00 Exit
S S @D
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Nonlinear optimization

* Traditional approach to nonlinear dynamics optimization:
 varying the strengths and positions of different sextupole families
e adding higher-order multipole magnets
* changing the fractional betatron tunes
 varying the lattice functions at locations of nonlinear magnets

the optimization must be performed with the aid of a computer program such as OPA, elegant, AT, MAD-X,...
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Momentum and Amplitude Detuning

* to improve the nonlinear behavior of the lattice, one needs to minimize tune
shifts with amplitude and momentum, as well as the strength of driving terms
for nearby resonances

0.9 | | | Tl ] ‘
B 0.8 >
0.8 |2 P Z
0.7
0.7 i A
« 0.6 =L

~ 0.6 ]

N ) 1 =
0.4 _ 0.4 ]
0.3 \ _ / . 0.3 * 1.
0.2 - _ 0,2; — < %g

—0.04 —-0.02 0.00 0.02 0.04 g % ﬁ%
6 0.15 0.20 0.25 0.30 0.532 0.40 0.45
%
X
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Momentum and Amplitude Detuning

* to improve the nonlinear behavior of the lattice, one needs to minimize tune
shifts with amplitude and momentum, as well as the strength of driving terms
for nearby resonances
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Thank you for your attention
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