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4 Lectures

Yesterday

Part 1:  General introduction:
- What are particle accelerators?
- Why and where do we need them?
- What types do exist?

Part 2.  Accelerator Technology (Gregor Loisch)

Today
Part 3: How to build a particle accelerator

Part4: What Users need and how to deliver
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Experimental Application

Each accelerator and experiment requires specific beam properties. Fundamentally different are:

Target

Fixed Target:

Secondary
particles

Beam

Light Sources:
9 Particles that are bent to a

circular orbit emit energy/light.

Collider:
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Collider Experiments and Luminosity

acceleration

Insertions
or
straight sections

injection kicker extraction kicker

transfer
line

N\

transfer

physics
experiment

Destination:
injector/ * next accelerator
pre-accelerator « target

 beam dump
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Particle Collisions

Experiments are interested in maximum number of interactions per second.
The event rate in an experiment is proportional to the luminosity.

Interaction Cross-section
( = constant probability for the
given interaction to take place)

Bunch 2

107 particles
Bunch 1

beam
size

Luminosity

Event rate

. . . 11 ;
(= number of collisions per time) 107 particles
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“Quality Factor” of a Collider

The most important measure to describe the potential of a collider is the Luminosity.

N..... No. particles per bunch

K...... No. bunches
f...... revolution freq.
g...... rel. gamma

B*.... beta-function at IPs
Earn.. norm. trans. emit

Defined by the

injectors
Overall Goal of an Collider: Maximizing Luminosity!
o - Many particles (N, k)
(L > In a small transverse cross-section (g, B)

“Collective effects” cause

beam instabilities for too high o
bunch intensities, too small Performance depends on the injectors:

bunch spacing, too “bright” - Production of large N and small €
beams. - Preservation of these parameters until collisions.
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Optimizing Luminosity

Bunch properties (N & €) are defined in the injectors. But what can we do in the Collider?

K...... No. bunches
f....... revolution freq.
g...... rel. gamma

B*.... beta-function at IPs
Eunnn.. norm. trans. emit

fer V. defined by the design of the accelerator

F [0,1]: When colliding with many bunches, a crossing angle is needed to avoid
unwanted collisions. However this reduces the beam overlap and therefore the

luminosity. Keep as small as possible!

—~>Limited by beam-beam effects. 8 a
am 4 e
k: Optimize filling scheme and bunch spacing. \ -
.=
S*: Can be optimized by focusing! P ~
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Mini-Beta Insertions

Squeezing the beams to the smallest beam size possible

Mini-beta insertion is a symmetric drift space with a waist of the -function in the
center of the insertion.

A y On each side of the symmetry point a

T\\M quadrupole doublet or triplet is used to

VA B’ v, generate the waist.

B(s) = B" + 7

Collider experiments are located in mini-beta insertions: smallest beam size
possible for the colliding beam to increase probability of collisions.

There is a price to pay: The smaller B*, the larger 3 at the triplet.
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Example: Mini-Beta Insertion at LHC

Matching section +
dispersion suppressor

Example of the LHC (design report values):

At the interaction point:

B* = 0.55m 3

c* =16 um =

That’s smaller than a hair’s diameter! B
At the triplet:

B=4500 m

c=1.5mm=1500 um
Largest beams size in the lattice!

Limitations:
« Tighter tolerances on field errors

« Triplet aperture limits B* together with crossing angle.
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850 13135
Momentum offset = 0.00 %

13.420 13.705

s(m) [*10%%( 3)]

Triplets Regular arc cells

( A: \ll
T

LHC Error Analysis  MAD-X 3.00.03 03/12/08 10.35.00
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Synchrotron Light Source

acceleration gap

dipole
synchrotron (bending)
radiation
beamline

Insertions
or
straight sections

quadrupole
(focusing)

injection kicker

transfer
line

injector/
pre-accelerator
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Undulators to control synchrotron light yield

Particles radiate when bent on a circular orbit

Undulators and wigglers
are periodic structures
of dipole magnets.

\./2
~
~
N
~

om

Undulator strength

Magnet ROt parameter:
2Tm.C
Particles emit synchrotron
radiation when radially Undulators: K<<1, small oscillation amplitude, interference of
accelerated. radiation leads to narrow energy bands and coherent radiation.
Light emission is spread over Wigglers: K>>1, bigger oscillation amplitude, radiation from each
fan-like region through the field period sum up independently, leading to a broad energy
dipole passage. spectrum. = provides additional radiation damping to reach

desired emittance.

Source graphs: Wikipedia
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Each beamline needs their own undulator

Undulators of different types and length, provide photons with varying properties

Canting dipole
separating photon {
U1
beams from two
undulators in the
same straight section
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View from the Tunnel Roof in the Max von Laue Hall

Beamlines mdp—

-

=
-

DESY. | DESY SSL - Particle Accelerators | Michaela Schaumann, 29.07.2025 Page 13



Taking PETRA lll back in operation

A day as an operator in the accelerator control room

Red is never
good for
operation

PETRA is off

--

'ﬁ%
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PETRA Ill Accelerator Cockpit

Lets grab a chair — hope in the cockpit — and start the engine

z PETRA Cockpit and Overview

~ Operations
Testbetrieb

num bun._ | 40

optics |p3x v24

File ID | 3730

mag perm.(M.v.L) &
magpem.(P3) B

Availability beam quality e2/63 4765
year: 91.998% G @ - e e
week: 100.00%

6.08 GeV

10049 mA 1.55h
ToruP @ topup range:- 100.00 - 107.00 mA

FOFB 0 (next topup in 31 seconds)
vt ©
Cearing )  Emit.hor: 1446.09  ver: 122.00  pm-rad

Beam Current / Lifetime

- PETRA Ill Cockpit -

_ [ pifterence orbit Beam Orbit [] show Reference
2

1.61=homz

121=ven

O

NOR11 0OL106

SOL61

RMS X orh:| 319.32 pm | am;[ 317.74 pm | Y orb:l 217.21 pm | di":I 182.25 ym

filled thr. (uA):

Bunch Currents

track filled bunches

Bunch-1

Bunch-201

Bunch-400 Bunch-601

Bunch-800

-14 9 4 22/23 Sum: 99.00 mA Max: 248548 pA  Min: 246279 pA  Max-Min: 22 70 pA
Jul 07 23:03:16.909 2024 C 1)
1h 8h 24h - 2 Tune Specir

A — Ot Otk © 2t @@ o s F

—hor —ver —long Call <}

| col. SWR1S: B

i ‘ 0.01

— ,
LOSEOSmD o swiss

Tramsfer  Radiation =L 2

AL 1e3 F

u

P ke

gy 10 30 i) 50 %0 i

L -5.27° ; Y 52.01° KHz 3

toialcaniyrniiagas keSS M Fs- 6.00 KHz Fx: 18.20 KHz Fy- 40.26 KHz L

Test run, 40 bunches, 100 mA, high beta ]

| § |[owe: | BKRI0PECONOS | Acopnet 3813 | 07-Jul-202423:03:17

CIOC T A=) | T
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Patrol the Tunnel and Set the Interlock

Make sure the machine operation is radiation safe for all persons

Take a 2.3 km long walk around the PETRA tunnel and check every
corner, niche, place for remaining people before circulating beam.

1 0 oC Interlockgebiete

NO-NW
0.0 GeV

[ tau ]
-2.00 h -0.00 mA

O-NO

NW-SW

F

13.11. 1 21:41
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Switch on all Systems and Cycle the Magnets

Magnet Power Supply control

51 PS Control - Version: Version 2.7.0

Datei Maschine(Petra) Optionen Hilfe Ansicht Expert

SEEEEEEET

Accelerator &

| (-] (o] The magnet currents need to be cycled a few times up-down
- Reset the remanence of the iron core

-0.0425 0.0001

i - We need a highly reliable magnetic field strength for high beam quality

-1.8893 0.0002
-5.7353 -0.0014||=!
-2.9472 -0.0006
-5.2963 0.0013

PETRA : West V Corr

Kreis PS
28610 |IPCV_SWR_13
28611 |PCVM_SWR_31
28253 |PKVSU_SWR_46
28254 PKVSU_SWR_60
28255 PKVSX_SWR_75
28256 |PKVSX_SWR_89
28257 |PKVSX_SWR_104
28258 PKVSX_SWR_118

Status

13la

28259 |PKVSX_SWR_132 10014 -0.0009

§128265 |PKVSX_WL_140 g 0.0009 [ Log Scale
|28264 |PKVSX_WL_125 5.2494 0008

“|28263 PKVSX WL 111 0.6223 0.0005 €00

28262 PKVSX_WL_96
28261 |PKVSX_WL_82

-2.1819 0.0000
10.5201 -0.0005

128260 |PKVSU_WL_68 11515 -0.0006 500
28612 [PCVM_WL_52 02714 0.0001

28613 [PCV_WL_40 0.0241 0.0001

28407 [PKVW_WL_25 -0.7292 0.0001 4001

28409 PKVW_WL_13 1.0708 0.0000
28411 |PKVW_WL_1 0.6370 0.0000
28413 PKVW_WR_12 1.5030| 0.0001
1.4060 0.0001
28618 PCV_WR_38 -0.0542 0.0000
28619 PKVW_WR_54 -0.3311 0.0001
28266 PKVSU_WR_68 4.5715 0.0006
28267 PKVSX_WR_82 -4.0972 -0.0006
28268 PKVSX_WR_96 -5.8339 -0.0011
28269 PKVSX_WR_111 -4.8853 -0.0003
28270 PKVSX_WR_125 0.1553 0.0003
28271 PKVSX_WR_140 -5.1922 -0.0002
28278 PKVSX_NWL_132 3.1577 0.0010 0
28277 PKVSX_NWL_118 -1.5184 -0.0003
28276 |PKVSX_NWL_104 2.0466 0.0005
28275 [PKVSX_NWL_89 -1.3204 0.0001 -100+ + + + ‘
28274 [PKVSX 1.4168] -0.0002 09:05 09:10 09:15 1 5 mln 09:20 09:25 09:30
Umgeschaltet auf Gruppe Ring PS 25 Minutes Wed Nov 08 09:30:47 CET 2023
ﬁStarte Gruppen-Poll auf Adresse /PETRAICmSs.PsGroup/RING
lUmgeschaltet auf Gruppe NordOstH

L

0 MardOetir

w
o
o

-
o
o

Current [A]

[Tl ] [«]

=]
=
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Request Beam from the Injectors - Fill up to Top Current

Request the production of beam Single bunch,
first few turns after

7= Transfe (Version vom 25.08.2021)

-~ (not optimized) injection |
| o sor 77 | oMM SOt | | mesedn | [ Sepuminy | | Prawcson 1 | [eveu soR ! | DK SRS | | Wowdle | Prvsu soR.e
svers |
| sem | LINACZ2 DESY PIA Betrieb->PETRA 3792MeV  7.72* 10'0 Telkhen
‘__.%‘,'1':] DESY? Betrieb->PETRA 61GeV 539" 100 Teikhen
Transter PS Alarm Status Beamshutter Dump Gun
DESY2-Ejek ok @ BHE offen @ single oump: [IENEM | Ew Guni @ |Gun2 @
PETRAN) = Dauer Dump EIN AUS Gun HV 99 [KV] s v SOt
Bedart (BN BSE offen " " o™ o By~ Woemal
[ I | En | Aaus g e RLRAK
11 Minute(n) 202 2
SOiwene von Sepla und Kicke elays von Septa und Kicker hor. Injektionsbeulen vert. injektionsbeuien Korrekturspuien im Transportweg Timing Tune &
[[] Log Scale
Frequenz: Solwert  499.6643850  MHz Istwert 4996643850 Mz 120
22
Ingeiionsphase Coatnsecs Swoe 305 010 5yme 100
Injektionsphase W wE e 308 Graal_b_ | [ ¥
S . .
R S S L S o i T i o o o T e e T e 80
! sa i# oh si Circulating beam current
Trigger-Generator LINAC 2 menr Trigger-Generator LINAC 2 o
oren s (Swmlt Sy
40
. . | [ens] 1 1 » Somwert 1 Istwert 1
Start injection T e e P
i 160" 200" 300" be" " sbo " M ad0 700" T edo” " 9d0' ado
\ Continvess [Smm 11011 8pme 0
: s Solhwe 23:34 23:39 23:44 23:49 23:54 23:59 00:04 00:08 00:14
Anzaly 4 1 > Zahves 0 Soltwert L Fri Jul 05 23:34:26 CEST 2024 40 Minutes
. L . [l
X < Choose filling pattern
Start P |EE Hand Hand!| 5 10 || 40 || 60 || 80.||120] {240/ 320/ |480| |960| |3840 ¥ PETRA TRIMsS Automatik ist EIN @
Timing Automatik viavomatk [ENE | Timing ok BTO0-Timing l Adjust
v bkr10pecon03 [21.06.23 14:06:55 Operations Mode [Betrieb] [Serveranwahl [Defaull] §3)KeinelniDatei
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Choose your filling pattern

Timing mode: 40 bunches
- 192ns bunch spacing
—> Time resolved measurements

bunch current per bunch

Cuments (PETRA ver)
bunch profile for selected bunch (Bunch-1 trend (Bunch-1) Sum (mA) 118.6590
Max (uA) 2614328
wh Aot Masrg e 1 v
ChRbE 8 bunch current per bunch & ok i, A5
3000
ot i DC Cur (mA) 120.5497
1 Energy (GeV) 6.0833
2500 i Particle Type Bektronen
Topup 0.98 mA (Max-Min)
2 A i3 1 < Optic  p3x_v24
2000 = 0. L § = Cy
g ) 2% A/ bunchn R R
'; .4
"%
i o. A -
_,-J "N...\_
-(LZ4 -35 3 25 2 -15 -1 05 05 15 25 35 -8 £ 5 -4 3 2
Hours Jul lEISﬁ:WD!SZZOZQ
ns [ show reference [ show reference
00
Last Topup/Transfer | time - 18-Jul-24 03:00:59 || efficiency - 49.598 || duration : 11.909 sec || number transfers - 43
| 5] Pt ([ & [ | BRR10PECOND! | Acopnet 389 | Navigate « 03:00
. =
Banch ) Buneh 101 Banch-20) Bunch 301 Bueeh 801 Bureh- %01 Busch£€01 Buseh 701 Bunch 201 Boneh 301 I
O bunch peslie o+ selocted bunch (Bunch-1) bureh Gameet berd (Banih 1 S pmA) 994995
N =" . - _—
7Y fubieemsd C -
: 200, Nean Bunches 40
L = - I A e
7] S - 1 ~ .
12 g article Bektrenen
~ P 1o [otal beam current of either 100mA or 120mA
1 < Topan 0,88 mA (Max-Min)
1500
I | ¥ el is distributed over the number of bunches
06 H Sate  Detried->Dxpermerte
Lo 10004
04 v 4
02 < N 50
[] -a-ge
02 ) P o
4 35 3 25 2 ‘15 1 85 0 05 ] 15 2 25 3 35 7 - -5 4 3 -2
Hours uunmxmm
'™ [ wow mbererce ) show reference
Last Topup/Trandler thme © 160424 11:03.23 I elficiency - 28050 % duration - 12.994 sec sassbes tranalers : 25

E-C

§ |[ces | BrR1c06COND! | Acopnet 125 | Navigete +

18-ful-2004 220526
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How is the beam arriving in PETRA?

On PETRA's request electron bunches are produced
E-Weg Transmission & Trace Eidot toRETRA toghook - EXIY

. = in the injector chain - 1 bunch every 160ms
Save Trace a5 Reference ... ‘ IMA-E03 IMA-E183 l Bunch-1 Efficiency 0.0 %

= _ Injection of XX individual bunches
£ M ~ 1min M m m ml// Intensity measurement while passing through the transfer line

-
0.2+

). E-Weg oben (gelb). E-Weg unten (orange). 1.Uml.-Plll (rosa) und Plll (pink)  DII-Plll-Effizienz (grau): 58.6% Bucket 1: 247mA

0] 1

07 v ety v N 7 v T I v 7 T : T 7 T T
0.00 0.10 020 030 0.40 0.50 0.60 070 0.20 0.90 1.00 1.10 120 130 140 150 1.60 1.70 96
Time [us)

s = 24;
1, -a¥a .\- = e = .._ Sl
"'t.‘l‘-""' ‘\}y!ﬂq\- \ w-r,-'jh‘ ok e """‘"\ "l_n- _h \'-l' "-, ""'d'm-_’. e h\' r-" "J“ e - '!‘. ot z_w“iﬂ 5!60 121

':.."....‘___-.-_ o ’!!’glﬂl

100 Tums

Intensity at in PETRA I

~60% Injection efficiency = e ity at exit DESY 1

E ks g ool o d Aty o, P T e T Y R S UL O VPP e o
o A i R e R fen 2R SRR 7 DR S AR SR N ST i S L LA SR/ ety v PP I
A S S, FA N e or 1> 5 I e gy S R R R b T T o 3 p A R R ey A
[t O it | M s T ; ¥ St i e B x W L L g
| H | | ‘ ‘ |
‘ | ! \ ‘ 1 4‘. 1 11

=UZsTal voouTnhTw e
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Switch on continuous Top-Up Injection

Keeping the total circulating beam current constant within 1%

A sequencer constantly checks: Beam current is above 99% of top current?

While ( decay > 1% X
- Look for the smallest bunches
- Estimate how many are needed to fill up to top current
- Set timing to selected bunches
- Request bunch production at source
-> Fill new bunch on top of circulating one (merge)

6 o 0

6
WIBIEIBWIBW
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Is the emittance at the target value?

Measure the electron beam emittance by looking at the emitted synchrotron radiation

* Diagnose-Beamline

Datei Optionen Hilfe

Sctirmencater snorie oo gy In contrast to hadron operation, the electron

‘ 0 1 2

emittance is mainly defined by the machine
design rather than the injector performance,
due to strong radiation damping.

Measurement is taken with
a pin-hole camera

PETRA lll emittance:
1.3 nmrad in horizontal

Amplitude 5 Angle 471
X Position . Z Position -0.69 mm
X Sigma 5 Z Sigma 26.48 um

XEmittance 1. T e 1% of that in vertical

Jetault] l(3)KeineIniDatei
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Are the tunes set correctly?

Tunes are measured by the Multi-bunch Feedback

Print Direktion Version 1.19

IDC=100.596mé& Fs=6.00kHz Fx=18.61kHz Fy=39.45kHz

]

| | =
- | ~18.5 kHz | ~39.5 kHz
' |
' |
' |
' l
-20 I
|
.1oo fh‘m‘www*“ W ﬂ-\M‘,WMW”( 'ﬁ Lr.) ‘
' |
s 10 ;20 20 o ;40 = =
' |
' |
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Multi Bunch Feedback to reach design current
Without MBFB, coupled bunch instabilities limit beam current < 15mA

Amplitude - Angle (Kick)

x { n.
Measures the position of each bunch turn-by-turn, shift the :
signal by 90° in phase and feed back to the according bunch. : 8 }ﬁ’ér Cavmes

-y
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Switch on Tune Feedforward

Anticipation of predictable tune changes

Datei Optionen Hilfe
lTune FF control -  Applied current chang Calculated tune change

- 0 — A QD A QF A horizontal tune A vertical tune
—l —I Ll -0.240 A -0.066 A 8 Hz 1326 Hz

A predictable tune shift is introduced by R ——— P—
- Increasing the bunch current peakatirstart  pesk peak st Peskatfistart  peak

) 17771 Wz | 19185 Hz | 1413 Hz [ 40116 Hz 40520 Hz |
- Changing the undulator gaps

46000
44000

The feedforward recognises these

40000 = N e N

changes and adjusts the tune accordingly. [

[~ expert panel
[ bkr 10pecon03 [18.07. 24 15:02:38 [Operations Mode [Betrieb] Serveranwahl [Default] [(3)KeineIniDatei
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'¥) FastOrbit...

Setting the (optimal) Golden Orbit > .. [ | Switch on

W Matix FOFB

. . . BP0
And switch on the Fast Orbit Feedback (to keep it stable) .
W H FOFE controll
» » :hE/:IIEDEiJGain  DC-Mode

First correct the global B et 0P || € o

¥ Libera (BPM)

orbit around the whole I ond

|t

circumference. i

[ Horizontaler Orbit
Drucken Y-Achse Marker Optionen Farben

Then do a fine correction
for each beamline

[ vertikaler Orbit
Drucken Y-Achse Marker Optionen Farben

Bl UrdulstorsectionsOvenvew
Datei Optionen Hife
Overview | us2/u63 | V64/U6S | V66| U1 | V2/u3] U4 | Us/ue| u7| us/u9| ulo| U11/U12] U13/U14] V21b| V21a/u21w] V22/V23| U24/U25

vers: T.3.3[
v Current 69.333 ma Life time 1.896 hergy 6.083 Gev optis  p3x.v24

Software Interlock state: armaed

Fast correctars currenss |

reference W show interiocks mits :1 afference @ machne [ reference | W shom nterlodks kests

erce & machee |

D Commands and Information Panel PS.ZielFahren

[ Orbit | FirstTun | TumByTurn | LIIEE OrbitKorrektur | Beulen | Referenz-Files | FOFB hold option
h = BPM_SWR_13 [0] 7/8 Octant
RMS[um}: 122;‘ :Se 5‘6 hor. vert. r Korrektur 5 Korrektur
Mean[um]: 1,19 191 Ablage[um] 120 751 Korrek FOFB DC Mode
MaxDev:  BPM_OR_83 BPM_NL_53 phi 0,14 0,09 Zahl hor. Sing? ¢ Il [»] 160 [SVDCOR [+ :
Max[um]: 46,27 81,73 Beta[m] 12,02 3594 Zahl vert. Sing{ « |»| 160 L D]
Rel. Impuls Abw.[%] -0,0004 Disp.[m] 0,00 0,00 ax(37,12) «|[1I] »| 12 4 4
Frequency Offset[Hz) 227 [v] aktiv Qz(30,27){ «| |l »| 27| Rechnen BPM Name | Aktiv| SyMC| fofbH | fofbv
Referenz-File(3741): Betriebsfile 17.07.2024, 480D, ... alle aktiv |freigeben " ® Stroeme BPM_SWR_13 |0 |0 2 2 ~
~ — = = ~ - BPM_SWR_21 |0 1 3 2 =
{ 0 g ¢ ’ |BPM_SWR_: 1=
T akOrbit @ aktOrbit-RefFile () Referenz () Golden |'Guul\. — | [ INeoenbinehCieanngll v PSZieFahren | (gevswres o |1 ]2 |
= Print to petralog Weiter |BPM_SWR_81 |0 1 3 3
Status: BPM-Dar [ Clear J BPM_SWR_75 [0 1 3 3 BYN_NOR_78 BN NOR_78
Bereich: BPM_SWR_S0 |0 1 3 3
: 0 _SWR._ I ! I I — T
AgcMode Manual | manual [ AgcMode Auto i BPM_SWR_118 |0 1 3 3 Oduiatens stabus: Summprtsesd stotus overview § %
LeC90C0 eanuas, | LulfJCRA0CE.AI0, | (o) Mode: Obere Grenze BPM_SWR_123 [0 - = = T [Secton | vognets | Absarbers | Unakenors FOFB Current Reducton  OrbRt Correction | £0F8 Orbk Commection | Software Interock |
BPMs 7 inaktiv [ @ ClosedOrbit ) TurnByTurn BesatGrenzen BPM_WL_140__ 0 I B E hd i - Hortormiorba ¢
‘ wved| Obtcwge: [ 00085
St Frshed, ok
# !mcs19rdsxappsl)2 18.07.24 16:16:29 |Operations Mode [Belracmen]|Serveranwanl [Default] |(2) | WVertical Orbit Correction
Obtcuge: | oooms

St Frched, ok

Fuos

. i 10pecond’3 [35.06.24
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Fast Orbit Feedback keeps the beam stable at +0.5 um

Compensates fast orbit distortions from mechanical and electrical noise sources

/ Ze ion .
\. >
s
w E'JS; 3 FEIRA I 3/ ME
PIA
/ i
ESY I g
PXE

Injection

channel
sw& . Injec U%E
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218 BPMs measure the beam
position around the ring

central processing unit

40H+40V Fast air coil magnets
apply correction kicks to the beam

Relaxing air coils to slow corrector
magnets when accumulated
current passes threshold
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Beam is setup — Last step: Closing all undulators

Ready for User O pe rati on ! ! ! I Strommonitor (Version 1.5.0) — O X
Datei Maschine(Petra) Optionen Hilfe Settings
PETRA e 100.600 mA 1.475 h
: : 99.380 ... 1.475h
E Undulatorsteuerung = O EIEktlr?:?en PunChes' o . : 1.9
Datei Optionen Hilfe
Name Gap/mm Status Control | Interlock | : Undulator PU65 106 1.76
PUO1a 138.120 BUSY EXP__ 0K | Undutator | Correctors |
PUO1D 137.997 BUSY EXP OK
PU02 139306 |BUSY EXP__ oK e el
PUO3 135.261 BUSY EXP OK i £ <
PU04 129,984 BUSY EXP 0K 1 status BUSY £ s &
PU05 140.471 BUSY EXP OK i = 2
PU0B 140.471 BUSY EXP_ [OK : = 5 g : g =
PUO7 7.034 OK EXP__|OK | control EXP m 72') NN [ I — = | s | re— 134
PU03 138.009 BUSY EXP OK ; : : i i
PU09 141.069 BUSY EXP_ 0K 5 E | 5
PU10 140.518 BUSY EXP OK b NGkt Lo 157.896 | ] 70_B —6;4 _413 _312 —1;6 2 1.2
PU11 141.926 ggg\( EXp 10K ; S s = Hours ' ' ' Sun Jul 07 07:01:16 CEST 2024
PU12 142.251 Y EXP OK 3
PU13 141.481 BUSY EXP oK : - Displav = 1Scale (Max) - - Time Axis -
'23;‘1‘8 1;2333 gggx gg SE Taper/mm -0.000 | ’ ) lifetime 3 minutes ® hours
. / = = 223 | =
PU21b 7.129 READY EXP 0K : \v G 1208 | 2 HL
T — T — o — R 205 (¢ e T T PPE—
< i b te: & I ) fast
PU24 157226 |BUSY EXP__ oK : e R
PU25 0.000 UNDEFINED |BKR .
PUG2 157.505 BUSY EXP__ oK i Shilt 0.000 5679.281C energy: 6.083 GeV
PUGB4 157.673 BUSY EXP OK i jbkr10pecon0107.07.24 07:01:15|Operations Mode [Betrieb] [Serveranwahi [Default] [(3)KeinelniDatei
PUB5 157.896 BUSY EXP oK i
| Beamline-Vac-nteriock  OK w
All Undulators
Set Control l BKR l I EXP l MPS Dump Warning 0K
Set All Gaps I Open (> Max) l I Close (> Min) l
Restore Gaps I From Archive... ‘ 2
[ |bkr10pecon03 [17.07.24 18:23:05 [Operations Mode [Betrieb] |Serveranwahl [Default] |(3)KeinelniDatei
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What could possibly go wrong?

Accelerators are highly complex machines: if one small piece fails the accelerator is out of order!

i Strommonitor (Version 1.5.0)

Datei Maschine(Petra) Optionen Hilfe Setlings

[— i 0.018 mA 0.000 h
Elektronen bunches: 0 0.000 mA 0.000 h
4 140 : o
112

PR | TORERNEEISIEINR. HRCSTANS RIS, TP SUPIRTTRR: (P =
& £
5 g 56 e g
W § =

Beam dump!
- - || RYOUUDUORUOUUUTOUIVUUNL . SUNPUUUURIORIUUIUVROUUIIOTURIDY: - SOUTDNIIUIOVOOPRIITOTUTUN: LINON DN 12
°3 2.4 7o =g 06 2 BUt Why?
wed Jul 17 13:59:29 CEST 2024

- Vertical Scale (Max) - - Time Axis -

m [0017] [ o018 Current lifetime 0 minutes ® hours

CB [ oood [ oood | 140 | 10 = 3
C [ _oood [ o0od , autoscale I autoscale J apply B [ apply ]
m l -] 0009 update : ® normal J fast

5703.105C energy: 0.000 GeV
jbkr10pecon01 [17.07.24 13:59:29 lOperations Mode [Betrieb] [Serveranwahl [Default] (3)KeinelniDatei

%
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What triggered the Beam Dump?
Machine Protection System (MPS) dumps the beam, if a system’s interlock is activated

Z& MPS Client: PETRA

Datei Optionen Hiife
Alarms r Service MPSC ] Service MPSA [/ Service MPSD | 17.03.2024, 19:16:21 - Strahlverlust vermutlich durch Chopper-Netzgeraet Gruppe Mg.Chp.E-151

wis sew wan Preliminary root cause analysis:
2 5 6 7 8 9 10 Betriebsart: Standard
BSA: 0 160 163248 6480 966480 960 16324864800 0 160 0 160 0 16 32 48 64 80| purm  Name Dump by power Supply fault
1A
2 A

1.0

1.0

0.0

15

] 9999.0
| 199990 . L
| s Triggered by orbit interlock of BPM
0.0

1.0

1.0

0.0

15
9999.0
9999.0

[~]

[]

L]

160160 160160 160160 144 @® Live
EE ER W= [<wmpsm [[]<-MPSD ) Archive

Statusbits ausgewaehites Mod... 2024 Mar17 19:16:22 Strahlverlust war 3.924 ms vor dem Dump.

BEAM DUMP 10:Lastjait USSR S S — , _ Strahlstrofn

5 01: Backplane - “MPS Dunfp
Nachrichten o i 2 = : : —
2024-03-13 13:53:02 Reset Dump PETRA( | 06: Matrix Zero Fail bx_] S i : } i Strafiveritst
2024-03-15 16:34:10 Reset Dump SAHOC ; . b R
2024.03.15 16:35:26 Reset Dump SAHOC| | 24 DUMP: MPSA Alarm fhctve] ' '
2024-03-15 16:52:59 Reset Dump PETRA

- - -0. 0.5 1 15 2 25 3 35 4 45
[»] Zeit rel. zum Strahlverlustims] t_fall: 1.392 ms (80%-20%)

|BKR10PECON04 [17.03.24 19:17:32 |Operations Mode [Betrieb] |Serveranwahl [Defauit] |(3)KeinelniDatei
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Are there any Alarms?

Alarms for: PETRA

EAS]T
1/0/0/0

e s s s | CSE

Sun Mar 17 19:46:31  Warning Severity >= 1  Selected/Total No. of Alarms: 1/1  Active Alrms Only (30 Disabled)

Alarmosplay——
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Red alarm on the status of
a quadrupole power supply
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Are all Power Supplies working?

Error found and fixed

Power supply control panel

PS Control - Version: Version 2.7.0

Datei Maschine(Petra) Optionen Hilfe Ansicht Expert
Ost

Faulty
power
supply off

Riﬂ NO ExpL— [Exp i Sued. West—| Nord a
q ﬂ W o @ B
i i i N N N aE -
2 & Sectior Cl i
{ PETRA : Exp R Main ‘ [-‘ [B'eit
Kreis PS [ Status [ s Ist-Soll
DBA Cell 5 2
28143 |QA5_OL_154 138.1620 0.0005)
28144 |QA4_OL_153 102.3945 0.0000
28145 |QA3_OL_149 94.3991 0.0000|
28146 |QA2_OL_148 48.0728 0.0000
28147 |QA1_OL_147 42.8107| 0.0000|=
28665 PDC_OL_143 -2.1009 0.0001
28148 |QA1_OL_140 42.96 0.0000,
28149 |QA2_OL_139 48.33 0.0000
28150 |QA3_OL_137 94.3100 0.0005)
28151 |QA4_OL_134 102.4132 0.0005|[~
28152 5_OL_132 138.2283 0.0000,
DBA Cell
28153 |QB5_OL_131 51.0462 0.0005)
28154 |QB4_OL_130 12.9192 0.0000,
28155 [el=kMe 6 30.165 0.0005)
28156 |QB2_OL_125 53.5798 0.0005)
28157 |QB1_OL_124 41.9711 0.0000|
28158 |QB1_OL_117 41.8456 0.0005)
28159 |QB2_OL_116 153.7624 0.0005)
60 |QB3_OL_114 129.6780 0.0000|
161 |QB4_OL_111 112.6153 0.0000,
162 QB5_OL_109 150.8566 0.0005)
DBA Cell 7
28163 |QA5_OL_108 137.9895 0.0005)
28164 |QA4_OL_107 102.5761 0.0005)
28165 |QA3_OL_103 94.5551 0.0005)
28166 |QA2_OL_102 48.4097 0.0011
28167 |QA1_OL_101 43.0553 0.0011
28666 |PDC_OL_97 -2.0357| 0.0001
28168 |QA1_OL_94 42.7194 0.0005)
28169 |QA2_OL_93 48.1133 0.0000,
28170 |QA3_OL_91 94.0221 0.0005)
28171 |QA4_OL _88 101.9694 0.0005||
28172 |QA5 OL 86 1701 0.0005/®
Umgeschaltet auf Gruppe Ring PS -
Starte Gruppen-Poll auf Adresse /PETRA/Cms PsGroup/RING E
Umgeschaltet auf Gruppe NordOst Matching =
i i At Mk

]
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PS Control - Version: Version 2.7.0

Datei Maschine(Petra) Optionen Hilfe Ansicht Expert

Ring NO ExpL ExpR Ost Sued

M q ﬂ IW ol i’

= AR EE e WiV
> & Sectior

oo
{ PETRA : Exp R Main

i

e

Kreis PS | Status Soll Ist-Soll
DBA Cell § 2
28143 |QA5_OL_154 138.1620 0.0005
28144 QA4 OL_153 102.3945 0.0000
28145 |QA3_OL_149 94.3991 0.0000
28146 |QA2_OL_148 48.0728 0.0000
28147 |QA1_OL_147 428107 0.0000/=
28665 |PDC_OL_143 -2.1009 0.0001
28148 |QA1_OL_140 42.96 0.0000
28149 |QA2_OL_139 48.33 0.0000
28150 |QA3_OL_137 94.3100 0.0005
28151 |QA4_OL_134 102.4132 0.0005/~
28152 |QAS_OL_132 138.2283 0.0000
DBA Cell
28153 |QB5_OL_131 51.0462 0.0005
28154 |QB4_OL_130 12.9192 0.0000
128155 [el=ke 6 30.165 0.0005
28156 |QB2_OL_125 53.5798 0.0005
28157 |QB1_OL_124 41.9711 0.0000
28158 |QB1_OL_117 41.8456 0.0005
28159 |QB2_OL_116 153.7624 0.0005
28160 |QB3_OL_114 129.6780 0.0000
28161 |QB4_OL_111 112.6153 0.0000
28162 |QB5_OL_109 150.8566 0.0005
DBA Cell 7

28163 |QA5_OL_108 137.9895 0.0005)

28164 |QA4_OL_107 102.5761 0.0005)

28165 |QA3_OL_103 94.5551 0.0005)

28166 |QA2_OL_102 48.4097 0.0011

28167 |QA1_OL_101 43.0553 0.0011

28666 |PDC_OL_97 -2.0357| 0.0001

28168 |QA1_OL_94 42.7194 0.0005)

28169 |QA2_OL_93 48.1133 0.0000,

28170 |QA3_OL_91 94.0221 0.0005)
28171 |QA4_OL_88 101.9694 0.0005)
28172 |QAS OL 86 1701 0.0005!

Umgeschaltet auf Gruppe Ring PS

Starte Gruppen-Poll auf Adresse /PETRA/Cms.PsGroup/RING
Umgeschaltet auf Gruppe NordOst Matching

LLonc £ O Nt i

]

Tl T

Investigation by
PS expert

Switch to reserve
PS to quickly
continue operation

Repair done on
next maintenance
day
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What does the Post Mortem Data tell me?

i i
MBFB Postmortem Events Analysis : Event gs of -> 17.03.2024, 19:16:32 g Strong beam
: I oscillation before a
s : | worSigrat dump points to a
B i problem with a
67 I —— LongBunchCurrent
quadrupole.

In this case, a
vertically focusing
quadrupole

Normal beam behaviour

th i'-!' ke dl!l i
[ q* !

N i

Ll
AT R T bgwaant a1

Postmortem Data(x*100/32767)[%)]

[ |
-22 -20 -18 -16 -14 -12 -10 -8 ls -4 -2 2 4 6
Revolutions[-3000, 1000]1 [msec] 1

6 msec before dump | I Moment of beam dump
beam starts oscillating in vertical plane | I
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Other Symptoms you might observe ...

Unstable beam after a power glitch
TopUp recognises too low current
and refills, but beam still unstable

Datei Maschine(Petra) Optionen Hilfe Settings

—— optic: p3x_v24 77.230 mA P Tune Spektrum (24 Jun 2022 18:47)

Elektronen bunches: 40 £ 7| Print Direktion Version 1.19
120 - - -

IDC=82.270mé Fs=5.88kHz Fx=18.17kHz Fy=38.37kHz

1 20
0 2 e L S REA S IR R [ S I A e e e S A s e e AIRIECIRIRIIG ASIBIENIRry : - hor
- -50 - Vel
E s |ong
9
: d 1= uv
£ = =
= o 3
§ 84 ,E_, | -
1 =0
72 [ A
] « i e
60 i i
-30 - -18 -6 0
Minutes Mon Jul 08 07:01:46 CEST 2024 -100
- Vertical Scale (Max) - - Time Axis - 110
Current lifetime ‘]:1‘ minutes # hours
\ 120 | / 2] = : | 128 %
l autoscale ! l / autoscale ! ‘ apply
update : ® normal ) Pr—TTT
‘08.07.2407:01:46.517CEST accumlated charge : 5681.690 C Feed baCk trles to COU nte r’ but OUt Of range

—> Strong excitation visible on tunes

Power glitch introduces transient on quadrupole

- Beam becomes unstable and is part|a||y lost While beam is still Circulating, it is useless for
the users and needs to be dumped to reset.
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Water Leak Alarm

6001 of water went missing from the cooling circuit over the last two days

- Tunnel access needed for leak search!

New cooling pipe
installed along the beam
pipe and fixed with
clamps.
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PETRA Accelerator Tour: Friday Aug 1, 2025, 13:30-14:30

1 August 2025 Q

Universe
Europe/Berlin timezone

Ouerdiew A tour is organised to the PETRA accelerator control room and tunnel on the DESY campus.

Registration 2 q en 2 R ,
The number of participants is limited to 40, to be assigned on a first-come-first-served basis.

Meeting point is the Bld 48 (PETRA Ost Halle), forecourt to the left of the PETRA ring.

™1 michaela.schaumann@...
You can find Bld 48 on this map.

The exact meeting place is marked on the map below with a star

Register here:
https://indico.desy.de/event/49913/registrations/7038/
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'Hmm ....

Everything clear

Page 37

DESY. | DESY SSL - Particle Accelerators | Michaela Schaumann, 29.07.2025



Excercises



‘Smashing’ Modes and Center-of-Mass Energy

The center-of-mass energy defines the upper limit of the newly created particle’s mass

Fixed Target

Collider

Most of the Energy is lost in the target,
only a fraction is transformed into

useful secondary particles.

All energy is available for the
production of new particles.

Exercise 2: Derive center-of-mass energy in fixed target and collider experiment.

DESY. | DESY SSL - Particle Accelerators | Michaela Schaumann, 29.07.2025
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Exercise 2: Derive center-of-mass energy in fixed target and
collider experiment.

—

Center-of-mass (CM) frame is defined where sum of all momenta is zero: Eﬁl =(

4-momentum
2
p'=(E/c,p) — P'pu=F -0
can be transformed to center-of-mass frame by Lorentz transformation:
p'H = Lz,py Lorentz Transformation
p'upu — p’Mp;L The norm: is Lorentz invariant

Energy conversation between both frames:

2 — 2
Eoy 02 — Biot _ =2 — _
2 2 tot 2 T T2 Ptot
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Exercise 2 : E.,, in Fixed Target Experiment

p1 = (E1/c,p1)

Piot = (E1/c+ mac, p1)

EZ.; = (mF +m3)c* + 2E1mac?

Eon < Eq
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Exercise 2: E; in Collider Experiment

Laboratory Frame = CM Frame

P1 = (El/caﬁl) o p2 = (Ea2/c, —p1)

oy = By + EBo
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Back-Up Slides



Beam Stability critical for Photon Beam Quality

Car Traffic Impacts Circulating Beam

DESY. | DESY SSL -

42 t crane driving
on DESY side:
crossing or
moving along the
PETRA Il tunnel.

Track of truck over DESY side
Tunnel crossings, ™ close approaches

Particle Accelerators | Michaela Schaumann, 29.07.2025

' Coyn‘esy of J.- Keil

3

10 minutes

1
s

1
~
Aoylprad

yibual}s oIy HQJO PajoNIISU0IaY

1
&

'S

&

&

o

(| 1 1 1 1 ! 1 1
130 140 150 160 170 180 190 200
VCM index

PETRA Il circumference

Crane route is strongly correlated to the
location of reconstructed orbit kicks, which
the fast orbit feedback is compensating.
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“Beta* - Squeeze” at high beam energies

The p-functions, and thus beam sizes, in the triplet for small £* is too large at injection energy
—> aperture problems.

- beam size shrinks with energy o « \/1/y
- Mini-beta squeeze done at top energy when beam size is smaller.

. 600m | ¢ injection optics at ﬁ*1 =11m

g \

g i e iy ] i
ATLAS  ALICE ot TS

_10km

00000 LHC collision optics at f* = 0.25m

in ATLAS & CMS

00000

00000

T T T T
00000000000000000000
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Integrated Luminosity

What counts for the experiments is not peak performance, but total accumulated number of events

op - L

\ J |

T
unit “barn” = 10-240m2\

unit “ inverse barn”

w
a
o

= 1024 cm™2

— 2010, 7 TeV, 45.0 pb™!
— 2011,7 TeV, 6.1 fb!
— 2012, 8 TeV, 23.3 fb™!
— 2015, 13 TeV, 4.3 fb™
2016, 13 TeV, 41.6 fo™
— 2017, 13 TeV, 49.8 fo™!
m— 2018, 13 TeV, 67.9 fb™!

Common order of magnitude: 1 fb-1 = 103° cm-2 CMS

)
w

o

o
T

N

a

o
T

200

For example:
To integrate 1 fb1 it requires 107 s at
L = 10%%cm2s~!

150+

100+

Total integrated luminosity (fb™

Run 1
.~

LS1

50 |

— 2022, 13.6 TeV, 41.5 fo™
=— 2023, 13.6 TeV, 32.7 fbo™
— 2024, 13.6 TeV, 48.8 fbo™

Run 2

/

—

/

LS2

Run 3

For comparison: a year has about  x 107 s.

N \\}
RN

2010 " 7

LHC has delivered so far ~350 fb-1 to ATLAS/CMS in proton-proton
collisions over 10 production years.
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Date (UTC)

\
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2024
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Different Ways to produce Synchrotron Radiation

Each charged particle emits electromagnetic radiation when radially accelerated

‘ i ‘
Ablenkmagnet Bending Magnet

DESY. | DESY SSL - Particle Accelerators | Michaela Schaumann, 29.07.2025

Storage ring: acceleration towards the ring
inside = emission in traveling direction with
opening angle 1/y

Wiggler: slalom path, large opening angle

Undulator: slalom path, small opening angle

Free electron laser: very small opening angle,
laser-like amplification
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Contact

Deutsches Elektronen- Name Surname
Synchrotron DESY Department
E-mail

www.desy.de Phone



