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Automation - key challenge for CERN accelerators

Long-term effort at CERN — “Classical Automation” in the LHC

Revolution in the last years — availability of controls building blocks for full automation,
optimisation algorithms, Al/ML

_keynote

This is a_kick-off discussion for a larger-scale effort in the making

@ Automating accelerators

Automation discussion becoming
centre-stage:

* Clear benefits for automating various processes - will not go through the list of benefits

% Automation means investment. Where do we have to automate and where should we
automate?

* CERN accelerator operation has progressively been more and more automated

Example: Introduction slide to Injectors
Performance Panel (IPP)

mini-workshop on automation on
30/9/2022

* Many of the essential building blocks are available or are in the making

* Automation should become one of the complex goals for the years to come

@ Focus of today’s meeting:

* Show what is available in terms of building blocks, what people have done already
* Try to define (or define how to define) “focus areas for automation”

* Introduce the next step

* — Establish community driven effort instead of individual efforts

IPP on Automation, Intro, 30/9/2022
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The waves of automation @ CERN

he current automation efforts are based on three threads

@ Automation wave 1 (2006 -)

* reduce complexity through models in the accelerator control system (LSA)

* high level parameter control, procedures in software (sequencers), software interlock system, classic
control algorithms in feedforward and feedback (SVD, COSE,...)
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The waves of automation @ CERN

he current automation efforts are based on three threads

@ Automation wave 1 (2006 -)

* reduce complexity through models in the accelerator control system (LSA)

* high level parameter control, procedures in software (sequencers), software interlock system, classic
control algorithms in feedforward and feedback (SVD, COSE,...)

@ Automation wave 2 (2018 -)

* provide clever solutions it models are not available. E.g. Learn them...
* game-changer: Python in the control room

* on-demand execution of optimisers, ML, etc.
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The waves of automation @ CERN

he current automation efforts are based on three threads

@ Automation wave 1 (2006 -)

* reduce complexity through models in the accelerator control system (LSA)

* high level parameter control, procedures in software (sequencers), software interlock system, classic
control algorithms in feedforward and feedback (SVD, COSE,...)

@ Automation wave 2 (2018 -)

* provide clever solutions it models are not available. E.g. Learn them...
* game-changer: Python in the control room

* on-demand execution of optimisers, ML, etc.

@ Automation wave 3 (2021 -)
* Closing the loop...

Y Irlep]Iceme)ntation of frameworks (Generic Optimisation Framework (GeOFF), Machine Learning
Plattorm

< auto-launch correction, auto-resets of equipment, auto/online-analysis

< enabling the operational implementation of auto-pilots

SX Workshop - Wr. Neustadt, A. Huschauer & V. Kain, 14-Feb-2024

C

E/RW
\



High Level Parameter Control and Generation

LHC Software Architecture (LSA)

@ "only" work with normalised strengths k, and high level

@ all parameters are functions of time in “cycle"

®
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physics parameters

* E.g. physics parameter Q, defined on top of of

kop and kpp

he lower level field/current/... functions are
automatically derived

* using centrally stored calibration curves, Bp/momentum,

other parameters

* — key concept behind COSE

Optics dependent
linear knob:

AQy

- Akgp, Akgr

Qn

components

Bp: """"

Curve
y

with calibration

Lop

Lor

relations/rules/values in LSA DB...



High Level Parameter Control and Generation

CERN

Q]  CERN Optics Repository

Home Genera | LHC SPS PS PSB LEIR Linac3 Linac4 AD ELENA CLEAR Transfer lines

Generation: generating parameters
according to physics rules

@ Parameter/settings generation based on

MAD-X optics model rather than empirical
definition

@ Optics upload from gitlab-based CERN optics
repository

* Efficient upload and moditication of optics

Experimental areas CLIC FCC MC

[gj Optics Management Application v18.1.0 connected to server SPS A - O X
" h | ﬂ@ SPS |v| ]@ C lv\ IAWAKETransfer Ivl Configurationzl SPS TRANSFER | JMad Model: -m @m spsop ¥
eve n I n t e CO n t rO ro O I I l [ Upload Measure d Optics | Edit Elements | Import Optics | Import Elements | Import Knobs | Delete Optics |
Edit Knobs ( Create Knobs from File 1 Optics Viewer |
JMAD OPTICS TWISS VALUES LSA OPTICS
Available JMad Optics KOL KI1L K2L K3L B... B... DX DY []IX LSA Optics
Filter: | @0y  OA.. A.. OM... OJMuy CJopx CJpx  [Jpy []B... Filter: | @
SPS-FT-Q26-2021v1

SPS-LHC-Q20-2021v1
SPS-LHC-Q22-2021v1
SPS-LHC-Q26-2021v1

LIopy [K.. [JK.. [JkaL [IKs5L [JK.. []H... []V...

Select All

Available Sequences for Upload
|sps

COMPARE MADX TO LSA

OPTICS TO UPLOAD

YVY GENERATE vV

ELEME.| koL | kiL | k2 | k3L | Bemx | BETY | DX | DY
Filter: |
OPTIC PARAMETERS
PARAMETER NAME ] PARAMETER VALUE

GENERATED OPTICS

ADD SELECTED ADD ALL

DISCARD SEL. RENAME SEL.

REMOVE FROM UPLOAD LIST

UPLOAD OPTICS TO LSA

1:59 Selected JMad Model: SPS
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High Level Parameter Control and Generation

Q]  CERN Optics Repository

Generation: generating parameters
according to physics rules

@ Parameter/settings generation based on
MAD-X optics model rather than empirical
definition

@ Optics upload from gitlab-based CERN optics
repository

* Efficient upload and moditication of optics " S

() er SPS A - OX
° h | 1@ SPS lvl ’G C Iv‘ lAWAKETransfer Ivl Configuration:l SSSSSSSSSS ‘ JMad Model: E‘ E
eve n I n t e CO n t rO ro O I I l " Upload Measured O ptics | Edit Elements | Import Optics | Import Elements [ Import Knobs | Delete Optics |
Edit Knobs § Create Knobs from File I Optics Viewer I
JMAD OPTICS TWISS VALUES LSA OPTICS
Available JMad Optics KOL KI1L K2L K3L B... B... DX DY []X i
Filter: | @0y  OA.. A.. OM... OJMuy CJopx CJpx  [Jpy []B... Filter: | @
SPS-FT-Q26-2021vl1
SPS-LHC 0-2021v1 Cipopy [IK.. [JK.. [JkaL [JK5L []K... [JH... []V...

ELEME.| koL | kiL | k2 | k3L | Bemx | BETY | DX | DY

N
o000
N NN
o N

HL parameter control is natural operating
orinciple of the LHC andthe SPS =~ .

® Large effort in recent years to roll out in the
I nJ e Cto rS v GENERATE ve OPTIC PARAMETERS

PARAMETER NAME l PARAMETER VALUE

Available Sequences for Upload
|s - OPTICS TO UPLOAD

EEEEEEEEEEEEEEEEEEEEE
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Sequencer

= transforming procedures into code — reusable sequences, sequence tasks,...

@ Benetit: clearly defined and hence reproducible sequence ot actions

@ Example: give and end access to SPS ring

v (] Access_for_SPS_Ring_new ¥ (] End_of_Access_for_SPS_Ring_new

o [Access sequence for SPS Ring | w |End of Access Sequence for SPS Ring
w Switch SPS Ring from ACCESS to BEAM
w Manual task: Start the SBDS rearming
w Wait end of the siren (6min)

M BUSBAR-ON-

« RESET MAINS on CIS

w Manual task: Switch OFF Operator Button
w Mains CYCLING to ON_STANDBY (FGC)

w Wait for reset of mains

& MAINS ON on CIS

w Wait 60 sec for MAINS ON

w BSend OFF for Automatic reset on MAIN BENDS (FGC)

- ISend OFF for Automatic reset on MAIN QUADRUPOLES (FGC)
o jWait for MAIN BENDS are OFF (FGC)

w Iwait for MAIN QUADRUPOLES are OFF (FGC)

w jSwitch MAIN BENDS to Standby (FGC)

v ISwitch MAIN QUADRUPOLES to Standby (FGC)

- IWait for MAIN BENDS are ON_STANDBY (FGC)

P Run | 88 suspen: Step | M skip B Sto

The entire LHC cycle is orchestrated by the LHC sequencer (GUI-managed)
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Sequencer \

= transforming procedures into code — reusable sequences, sequence tasks,...

@ Benetit: clearly defined and hence reproducible sequence ot actions

@ Example: give and end access to SPS ring

v [ Access _for_SPS_Ring_new ¥ (] End_of_Access_for_SPS_Ring_new
o [Access sequence for SPS Ring | w |End of Access Sequence for SPS Ring
« Manual task: Switch OFF Operator Button o Switch SPS Ring from ACCESS to BEAM
® Mains CYCUING to ON_STANDBY (FGC) w Manual task: Start the SBDS rearming
rr:I - o Wait end of the siren (6min)
o fWait for MAIN E;ENDS are ON_STANDBY (FGC) 1 BUSBARON-

w JWait for MAIN QUADRUPOLES are ON_STANDBY (FGC) « RESET MAINS on CIS
' o Wait for reset of mains

« MAINS ON on CIS
w Wait 60 sec for MAINS ON
w JSend OFF for Automatic reset on MAIN BENDS (FGC)
- ISend OFF for Automatic reset on MAIN QUADRUPOLES (FGC)
w jWait for MAIN BENDS are OFF (FGC)
w Iwait for MAIN QUADRUPOLES are OFF (FGC)
w jWait for MAIN BENDS are OFF or FAULT_OFF (FGC)

w jSwitch MAIN BENDS to Standby (FGC)
w fwait for MAIN QUADRUPOLES are OFF or FAULT_OFF (FGC) .
: w #Switch MAIN QUADRUPOLES to Standby (FGC)
w fwait for Sextupoles and Octupoles are OFF or FAULT_OFF (FGC)

o Jwait for MAL1001M MBIV1003M are OFF (FGC) ® IW""it for MAIN BENDS are ON_STANDBY (FGC)

w jSwitch Off MAIN BENDS (FGC)

w JSwitch Off MAIN QUADRUPOLES (FGC)

w fswitch off Sextupoles and Octupoles (FGC)
w fswitch off MAL1001M MBIV1003M (FGC)

b Run || §§ Suspen: Step || M skip | B sto » Run | §f suspen: Step | M skip B Sto

The entire LHC cycle is orchestrated by the LHC sequencer (GUI-managed)
Next: sequences/sequence tasks to be launched programmatically (no GUI needeq)

@ key for auto-recovery, auto-measurement and auto-correction.
SX Workshop - Wr. Neustadt, A. Huschauer & V. Kain, 14-Feb-2024
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Acc-Py Python for CERN accelerators &N

/S

Acc -PyPI

..with all the devOps one can dream of.

Find, install and publish

Python packages with the
Acc-Py Package Repository

Python fully integrated with control system:

@ Equipment access: pyjapc, pyda

pathon

* next: event building
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Acc-Py - Python for CERN accelerators \

...with all the devOps one can dream of.

import pyjapc
import matplotlib.pyplot as plt

Python fully integrated with control system: data = Japc getbaram(-PR.BMEAS-B.ST/CycleSamples )
plt.plot(data[ 'samples']/1E4)
— . . . plt.xlabel('Cycle time [ms]"')
® —qL“pment access: pyjapcl pyda plt.ylabel('Magnetic field [T]")
. . Text(©, 0.5, 'Magnetic field [T]')
* next: event building 0%
— 0.8t
=
©
© 0.6
(o
-
© 0.4}
-
@)
©
2 0.2
0.0 - 1 1 ) 1 1 ;
0 200 400 600 800 1000 1200

Cycle time [ms]
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Acc-Py Python for CERN accelerators

..with all the devOps one can dream of.

tsl = datetime(2024, 2, 13, 8)
ts2 = datetime(2024, 2, 13, 8, 1)

B data = DataQuery.builder(spark).byEntities()\
. . .system('CMW').startTime(tsl).endTime(ts2)\
. .entity()\
.keyvValue('property', 'CycleSamples').build()

@ Equipment access: pyjapc, pyda df = B_data. toPandas ()

plt.plot(df.iloc[0]['samples']['elements']/1E4)
plt.xlabel('Cycle time [ms]')

* neXt, eveﬂt bU”d”’]g plt.ylabel('Magnetic field [T]')

@ access tO Sett”’]gs JI_SA and Text(®, 0.5, 'Magnetic field [T]')
archived data (NXCA 1.0f

Magnetic field [T]
O O O
I =) o

O
B

O
=

0 200 200 600 800 1000 1200
Cycle time [ms]
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Acc-Py - Python for CERN accelerators

...with all the devOps one can dream of.

Python fully integrated with control system:

®
* next: event building

@ access to settings é)jLSA and
archived data (NXCALS

® GUI framework using PyQt and
custom widgets

® and more...

SX Workshop - Wr.

—quipment access: pyjapc, pyda

Acc-PyPI

CERN

\

NV ard

Find, install and publish

Python packages with the
Acc-Py Package Repository

Search projects

ntithon”

2023-07-22 08:44:51,136 -

Neustadt, A. Huschauer & V. Kain,

File Help

SPS 2023-07-22 08:45:18

25 SFTPRO1 |

Wire Scanner Application

FT PRO MTE L4780 2023 V1

SFT_PRO_MTE_L4780_2023 V1 (SPS.USER.SFTPRO1) @ "M!

Settings Configuration Logging
Device SPS.BWS.41677.H v
Status WARNING Scan(s) 0 cancelled

Total number of performed scans 370

IN scan 1280.00 ms | OUT scan 1480.00 ms
dp/p IN[107] | 0.000 dp/p OUT [107] | 0.000

Bunch selectior 1-924;

Scan window width [mm] 90 v
Analysis window width [mm] 80 v
PM selection PM_1 v
PM voltage measurement 570.21

PM voltage setting 570.00

Fit function Gauss5p - v

Number of scar

Intensity cutoff for multiple scans [10%° ] 0.00

First bunch offset 576

Phase measurement setting False v

Get raw data

Logbook: SPS v Create logbook entry

Log Console

Amplitude [arb. units]

« €

acc_app wirescanner.gui.config pane - INFO -

Amplitude [arb. units]

Raw signals

@ spsop

SPS.BWS.41677.H - SPS.USER.SFTPRO1 / SFT_PRO_MTE_L4780_2023 V1 (22.07.2023 - 08:38:18.135)

acq. time: 1239.3 ms

8000 4 PM voltage: 570.21 V
selected PM: 1 —_
best PM: 2 3
6000 A £
£
E
4000 - 7}
o
| =
z
2000 A =
w

0 -
T T T T T T T
—-40 -30 —-20 -10 0 10 20 30 40
Horizontal position [mm]
Jacqg. time: 1439.3 ms
10000
PM voltage: 570.21 V )

selected PM: 1 (S —
8000 1 pest PM: 2 B
£
£
E
()
o
| =
©
£
=
w

-30 -20

-40

-10 0 10 20 30 40

Horizontal position [mm]

> Q=¥ B

FirstBunchOffset has been updated.

14-Feb-2024

humber of bunches: 380

20 - B emittance
<£>:6.59 £ 3.03 um intensi b it
<0>:4.06 + 0.75 mm WS intensity [arb. units]

Jf<H>: -0.51 £ 0.09 mm
15 7 kp/p: 0.00e-3
10 +
5 -
0_
0 100 200 300 400

Bunch number

number of bunches: 743 BN emittance

80 <€>:6.23 £ 2.53 um ——— —
<0>:3.96 + 0.69 mm MM | FRRRSIEY [HTD. BIiCs)
<pu>:-0.57 £ 0.08 mm

60 4 dp/p: 0.00e-3

40 -

20

0_
0 200 400 600 800

Bunch number

zoom rect
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Acc-Py - Python for CERN accelerators &N

/S

-0 Acc-PyPI

..with all the devOps one can dream of.

Find, install and publish
Python packages with the
Acc-Py Package Repository

Python fully integrated with control system:

@ Equipment access: pyjapc, pyda fUtbQQ

Inde

* next: event building

@ access to settings ( JLSA ) and
archived data (NXCA

® GUI framework using PyQt and
custom widgets

Acc-Py Documentation Server Documenting your project Projects Help

!
! I !

@ and more... T T J\en&é ' r.

Acc Py Docd 0’1! erve
“Servingthe" of 14‘7+ p |

Also: Acc-Py package indexing and central

deployment location

Q Are you looking for the Acc-Py docs? Find them here.

SX Workshop - Wr. Neustadt, A. Huschauer & V. Kain, 14-Feb-2024
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UCAP

Unitied Controls Acquisition and Processing ("Virtual

Device Service”) 1

@ servers on-the-fly in JAVA or Python for online data transformations |

® Plug&Play framework for online analysis (UCAP transformations), i.e. continuously running in
the background and triggered by "events"

Publishing GUIs
Virtual Device Server <
Transformation —
Virtual Device V. Dev. 1
Usercode - = V. Dev. 2
| T pon , . = 1000+ devices
Transformation "1 Transformation
V. Dev. n -
Acquisition
Event Builder JAPC P Data Sources
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UCAP

Unitied Controls Acquisition and Processing ("Virtual

Device Service”)

@ servers on-the-fly in JAVA or Python for online data transformations

the background and triggered by "events"

Provides:

Publishing

Virtual Device Server

-

® Plug&Play framework for online analysis (UCAP transformations), i.e. continuously running in

GUIs

@ tools for development, test and deployment of
“transtormations"” (+actors)

@ centrally managed infrastructure to run

Transformation

%

<

Virtual Device

V. Dev. 1

User code o

-

" Transformation "}

Transformation

V. Dev. 2

V. Dev. n

Long-Term Logs

—

transtormations (GPUs available)

Acquisition

Event Builder

= 1000+ devices

JAPC
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UCAP

Unitied Controls Acquisition and Processing ("Virtual

Device Service”)

@ servers on-the-fly in JAVA or Python for online data transformations

||
=

® Plug&Play framework for online analysis (UCAP transformations), i.e. continuously running in

the background and triggered by "events"
Provides:

@ tools for development, test and deployment of
“transtormations"” (+actors)

@ centrally managed infrastructure to run
transformations (GPUs available)

Key teatures:

Publishing GUIs
Virtual Device Server -<
1 Long-Term Logs
Transformation “
Virtual Device V. Dev. 1
Usercode V. Dev. 2
~~~~~~~~ .. i ~ 1000+ devices
'l Transformation “{ Transformation
V. Dev. n -
Acquisition |
Event Builder JAPC Data Sources

® aggregating data: event building (e.qg. buffered data,...)

@ "transformation" result republished as online input for applications, controllers, logging,

software interlock systems, ...

SX Workshop - Wr. Neustadt, A. Huschauer & V. Kain,
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Optimisation Infrastructure

Generic Optimisation Framework GeOFF
® Replace manual grid scans in the control room with optimisation algorithms

® GeOFF = tlexible parameter optimisation (user-defined problem descriptions)

® To date: > 20 parameter optimisation problems automated across complex

SX Workshop - Wr. Neustadt, A. Huschauer & V. Kain, 14-Feb-2024
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Optimisation Infrastructure N

ottty | o] |
Generic Optimisation Framework GeOFF f-"'.:;;;;i-;;;; { §

++++++++

@ Replace manual grid scans in the control room with optimisation algorithms |====700 .~ =

I S R s e s === === N
x 6 +

® GeOFF = tlexible parameter optimisation (user-defined problem descriptions)

® To date: > 20 parameter optimisation problems automated across complex
100 Hz content of NA spill with ABO and EBC

- . i:;of/ 0.719 —
® GeOFF on UCAP — acc-geoff4ucap released in summer 2023. 08l 7 """"" """"""""""""""""" B
@ Operational: SNV W e
0.4 g 2023 (< 16.05.)
* n X 50 Hz control with Adaptive Bayesian Optimisation (ABO) for North Area o[/ S
spill with GPUs on UCAP (see Francesco’s talk) 0qL iojl 2'2: St
100 Hz amplitude
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Generic Optimisation Framework GeOFF

1
0000000

@ Replace manual grid scans in the control room with optimisation algorithms |====700 .~ = |

! oo $iFt ittt iidEL | ¢
> 06| 4

® GeOFF = tlexible parameter optimisation (user-defined problem descriptions)

+
*****

® To date: > 20 parameter optimisation problems automated across complex
100 Hz content of NA spill with ABO and EBC

Optimisation framework for auto-pilots o N
® GeOFF on UCAP — acc-geoffd4ucap released in summer 2023, - """""" o5
@ Operational: 203: ;f:]zozz
* n X 50 Hz control with Adaptive Bayesian Optimisation (ABO) for North Area 0:24 — §§§25m§08:°m)
spill with GPUs on UCAP (see Francesco’s talk) 9 VA FE Sk et M|

100 Hz amplitude

@ locome in 2024.

: . . 5-turn MTE spill: equal intensity sharing desired
* automated transfer line trajectory steering

F16.BCT212-ST F16.BCT212-ST

* Multi-turn extraction (MTE) efficiency drift stabilisation
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Machine Learning Platform (MLP)

Storing and sharing trained ML models (e.g. ANNs) between users and applications ot
different languages.

® Stand-alone models hosted in the C

Machine Learning Platform (MLP)

Developing a model: Physicist

RN cloud, ready for inference.

Machine Learning Platform (MLP)

Connecting a Python application to a stand-alone model in the cloud:

© Set up your package ga% 1 # operational_application.py
@ Declare your model Lol > from mlp_client import AUTO, Client, Profile
‘ 3 from mlp_model_api import INPUTS, OUTPUTS
© Implement a wrapper class Gitlab
4
A
o C;CD 5 client = Client(Profile.PRO)
© Push a Git tag to Cl / \ ¢ model = client.create_standalone_model(
.. and Cl takes care of the rest! 7 "my_model_package:MyModel",
MLP Registry Package Index T - N
ax i’ th)ﬂ‘ 8 name="my_model.default”,
E PY 9 version=AUTO,

)

# Communicates via HTTP!
response = model.predict({INPUTS: get_inputs()})
show_results(response[OUTPUTS])

-
o

N

Standalone Cloud

5

kubernetes

J/

Database

=

The CERN ML Frameworks

[y
[y

[
N

=
w

N. Madysa ICFA Mini-Workshop 2022 6/18

Successfully used for deploying AccGPT

@ challenge of very large Llama 2 model
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Auto-pilots, optimisers,...

Operational Q On-demand GeOFF / acc-geoff4ucap
Ready for operational test |:j Continuous controller Other solution
An incomplete overview ... we | Under consderation
target ,  PsB : PS SPS
PSB bunch steéfing | extraction !
recombination | steering |
|
rf Capture beam current : correction | . .
beam symmetry . | | | triple & quad MTE splitting longitudinal
PSB resonance E e s efficiency TT2-TT10 blow-up TL
compensation ) < ’ steering steering
vy
MKP LHC
LN3 / LEIR e-cooler e target
. . imings :
' (partially) FT"_‘ septa align. 8 et symmetries
equipment steering ; L
(Ll LN3-LEIR TL sharing - spill noise
7YY ot T9/10 steerin
& injection / 8 ) ZS align. target steering
LN3 source LN3 LEBT . (BSPs)
steering splitter loss
target steerin crystal align.
gi en.irg\_/ T IN3 cavity scans , . . transmission / :
ca scans
stribution 722 i el through ramp Courtesy M. Schenk

Status 2023: multiple auto-pilots / optimisers used operationally and by experts during

commissioning
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Auto-pilots, optimisers,...

Operational Q On-demand GeOFF / acc-geoff4ucap
Ready for operational test :] Continuous controller Other solution
An incomplete overview ... we | Under consderation
target ,  PsB : PS SPS
PSB bunch steéring | extraction !
recombination | steering |
|
rf capture beam current ' correction | o
beam symmetry . | | | triple & quad MTE splitting longitudinal
PSB resonance E s efficiency TT2-TT10 blow-up TL
compensation ) s ‘ steering steering
v
MKP LHC
LN3 / LEIR e-cooler R Bt
: ; mings :
| (partially) FT"_‘ septa align. 1111 2077 symmetries
equipment steering . L
(s LN3-LEIR TL sharing - spill noise
e - T9/10 steerin
& injection / 8 | ZS align. target steering
LN3 source LN3 LEBT . (BSPs)
steering splitter loss
target steerin crystal align.
_ en'erg\./ T NTA ——-——- , . . transmission / .
distribution I_L1\1_3_c§\i|t_y_ssa_n_s_. through ramp Courtesy M. Schenk

Status 2023: multiple auto-pilots / optimisers used operationally and by experts during
commissioning

Trends 2024: move on-demand to acc-geoff4ducap and implement some new auto-pilots
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Auto-pilots, optimisers,...

Operational Q On-demand GeOFF / acc-geoff4ucap
Ready for operational test D Continuous controller Other solution
An incomplete overview ... we |
LN4 / PSB R ,
target ,  PSB : PS SPS
PSB bunch : ! extraction !
... steering ! , |
recombination | steering |
beam current ' ion
R :_ci)tr-ec_tl_o_n_: e longitudinal
beam symmetry triple & quad MTE splitting blg
PSB e SONaNCE . A efficiency TT2-TT10 ow-up TL
compensation | ¢ / steering steering
: LHC
LN3 / LEIR e-caoler i e
' . mings :
| (partially) tFT'\_I septa align. 'Ming target symmetries
equipment steering ; : :
L LN3-LEIR TL sharing - spill noise
i . T9/10 steerin
& injection / 8 | ZS align. target steering
LN3 source LN3 LEBT , (BSPs)
steering splitter loss =
target steerin crystal align.
_ en.ergy_/ mo s —————— : 5 5 transmission / .
distribution l_L_l\l_E’»_c§\£|t_y_sEa_n_s_. through ramp ) Courtesy M. Schenk

Status 2023: multiple auto-pilots / optimisers used operationally and by experts during
commissioning

Trends 2024: move on-demand to acc-geoff4ducap and implement some new auto-pilots

Goal until end of run 3: automation of all typical optimisation and continuous control problems
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Predicting magnetic hysteresis and eddy current effects O

/S

Training NN to predict future field and set correction Byyy = NN(Iy4—1.,Bs-1..)
@ Cycling the SPS is very expensive —> potentially game-changing

@ feedforward correction triggered before every cycle

The proposed SPS main dipole field prediction and hysteresis compensation algorithm

—— SFTPRO2
— MD1
—— SFTSHIP
MD1
—— LHCPILOT
- == SFTPROZ2 prediction

L

X

Past cycles with currents and predicted fields Forewarning
& Prediction
Trim

2500 ms
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Predicting magnetic hysteresis and eddy current effects O

/S

Training NN to predict future field and set correction Byyy = NN(Iy4—1.,Bs-1..)
@ Cycling the SPS is very expensive —> potentially game-changing
@ feedforward correction triggered before every cycle
First operational experience
® first results using physics-inspired NN PhyLSTM ~ B+g =Ti(t), g= [b(B»B) +r (B»B,B(T))] /a
@ accuracy not yet sufficient

Next:

® Investigate usage of transformers

@ Collect more data of different super cycle
configurations

SX Workshop - Wr. Neustadt, A. Huschauer & V. Kain, 14-Feb-2024 Courtesy A. Lu



RL In the control room

RL agent to correct RF phase and voltage to produce unitorm RF splitting in PS for
LHC beams

T T T T T T
0 50 100 150 200 250 300 350
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RL In the control room

RL agent to correct RF phase and voltage to produce unitorm RF splitting in PS for
LHC beams

@ Trained on simulation and successtully transferred to the controls room —> fully operational
@ RL algorithm: Soft Actor-Critic (SAC); multi-agent algorithm using CNN to detine initial set point

® Ongoing: from on-demand to continuous on UCAP

C

Phase path: actions taken | Phase optimisation | Voltage path: Voltage optimisation
actions taken
Voltage factor changes \ vf = 0.000000 Loss: 0.000114 Voltage factor changes vf=-0.067416 Loss: 0.000242
0.04 21 - N o N ol *1 o I (Y (|
NOTE: NN e N
First |+~ T - )]
no 0021 [ -0 0.2 ; \ a 0.05 4 [ 10 0.2 ’ \ |
aCtion 5o N ) WJ jLJ LU \k\.,.. —0.064 . 0 \ L,'J ‘lJl L\“
taken. S T PR P S 5 w0 e %0 ® M -~ e o 0 %0 %
Loss thhigeg’
Phase | . |\ o .
loss aossi | /
during | 771 V7 ; "/
steps ; R G
o | M L .
\ /‘ Volt ,
o Final parameters after phase 00 | . loss Flna! parameters after N olt
v\ opt. : tomo/profile/relative — during opt. : tomo/ proﬁle/ relgpve
bunch lengths/intensities steps bunch lengths/intensities

T T T T T T T T
0 50 100 150 200 250 300 350
ns

SX Workshop - Wr.
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RL In the control room

WIP: PhD ongoing to optimise injection efficiency into LEIR

@ Control of ramping and debunching cavities in LINAC3
® Observation based on longitudinal Schottky spectrum

® Trained on data-driven dynamics model

Recorded

20
40
-
Schottky spectrum from training data 2 g
. . &
set (lett) and 1ts reconstruction by an =
variational auto-encoder(right) =
100
120

0 100 200
Frequency bin

SX Workshop - Wr. Neustadt, A. Huschauer & V. Kain, 14-Feb-2024
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RL in the control room @)

Steering of DC beams in the CERN TT20 transfer line using split-foil secondary emission
monitors (BSPs)

® RL state s: [(I; — I,),] for each monitor; all intensities are normalised.

|1} — 1|
: : : | 2
Our metric: symmetries per monitor: § = 4/ 1 ; Goal: S > 0.8
I+ 15
TT24: splitters to T4 - Training
BSPH-BSMH ® lestin horizontal plane: TD3; RMS reward correctors = ["mssb.220450", "mbb.240428", "mdlh.240913", ]
Horizontal beam POSition % Training time: 2000 iterations, 100 random steps bepn = [TUMBNGRANRIZ™: "RMSCMIAODT. "INMNRATMYT.

% Training emittance 2um, 100urad random for initial trajectories

(U bspvpsmy
v Vertical beam position

BSI
Beam intensity

Test of transfer foreseen
for 2024 startup.

# episode

Trained on simulated data!

# episode

RL for BSPs @ SPSMPC
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Enhancing diagnostics - ML tomoscope in the LHC

Speeding up tomographic bunch-by-bunch reconstruction in the LHC: using Auto-
encoder ensemble: without Al bunch-by-bunch not possible.

@ Fully operational on MLP

® Ready to be used in the LHC control room to measure injection errors

Trained with simulator

Training Data Generation

Annotations

Bunch Distribution at Inject in LHC,

SPS flat top track 500 turns __Supervised Learning
Phasespace Bunch Parameters
:2322: :-:;ths?ty D L Bunch Parame ters
~SPS RF Voltage = . .
~Distribution () —Phase E':r B o _) Bunch length & intensity
~Energy Error —l Phase & Energy error
~LHC RF Voltage
\& J

Convolve with TF, Waterfall Bunch Profiles

slicing, paddin 1-color image
120 .'P
. . >
: »
S

1- httos:/fiournals.ans.8fa/orab/abstract/10.1103/PhvsRevAccdlBeams. 26114602

SX Workshop - Wr.

Tomoscope Evaluation

e MAE: 0.001 (1%o)
e Visually indistinguishable

Energy projection Time projection

Waterfall ID: 133

— True — True

Pred - Pred
A\
[

\
/ _ / \
Difference True PS @ turn 120 Pred PS MSE: 5.90e-06

Courtesy K. lliakis, T. Argyropoulos

Neustadt, A. Huschauer & V. Kailin, 14-Feb-2024

ML LHC Tomography (on cwe-513-vpl804.cern.ch)

Acquisition | Phase Space  Injection Errors ~ Voltages = Bunch Features = Save Data

Load Locally Load From Fesa

Select File(s)  |Last Injection |Wl Stop Subscription

Acquisition Parameters

Edit Internal Settings ' [Clear All Data

B1 Acquisition )-30 00:12:39 B1 1st Bucket 1181 | B2 Acquisition )-30 00:15:32 B2 1st Bucket 1181

Bunch Profiles

Bunch Profiles (Beam 1)

Bunch Profiles (Beam 2)

300 300 |
| — S
2 200 2 200
e e
- -
= =
g 100 g 100
= =
o} ot
1 1 1 1
0 1 2 0

Time (ns)

B1 Bunch Index |0

1 2
Time (ns)

B2 Bunch Index |0



Next steps: Efficient Particle Accelerators (EPA) project C\@

Providing a body for synergetic and streamlined development

10 work packages with mterdependenmeswork packages addressmg technical topics and

WPO
Project Management
Lead: V. Kain |
Deputy: A. Huschauer

controls infrastructure evolution.

Each WP is high-level deliverable.

WP1
Dynamic Beam Scheduling
Lead: F. Irannejad

WP4

Hysteresis Compensation
Lead: C. Petrone

WP7

Automated Equipment Testing
Lead: A. Calia, J.C. Garnier

Lead: F. Velotti, K. Papastergiou

WP3 3

wpe . Automated Parameter Control & f
Automated LHC Filling | .
Optimisation

Lead: A. Huschauer, G. Trad ¢ Lead: M. Schenk

WP5 | ] WP6
Next Generation Sequencer | '~ Efficient Settings Management
Lead: R. Gorbonosov - Lead: M. Hostettler

WPS8 WP9

Automate Equipment

Data Processing Framework
Lead: M. Sobieszek

SX Workshop - Wr. Neustadt, A. Huschauer & V. Kain, 14-Feb-2024



EPA goals

Focus is on automation of accelerator operation and equipment management

@ to increase efficiency, reproducibility, tlexibility and hence performance
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EPA goals

Focus is on automation of accelerato

@ to increase efficiency, reproducibility, t

CE/RW
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- operation and equipment management

exibility and hence performance

WP1 Dynamic Beam Scheduling: remove fixed supercycles by algorithmically and dynamically

scheduling beams

WP2 Automated LHC Filling: automate and standardise LHC beam preparation and filling, ana
reduce impact on fixed target users and LHC turn-around time

WP3 Automated Parameter Control and Optimisation: automation of parameter optimisation

and automatic containment of drifts

WP4 Hysteresis Compensation: deterministic field control with the aim of decoupling cycles

WP7 Automated Equipment Testing:

automate hardware commissioning

WP8 Automate Equipment: automati
preparing the grounds for preventive

SX Workshop - Wr. Neustadt, A. Huschauer

AccTesting for “all" equipment for injectors and LHC to

on of equipment setup, fault analysis, and recovery;
maintenance

& V. Kain, 14-Feb-2024



EPA timeline &N

2021 2022 2023 2024 2025 2026 2027 2028 2029
) JJIAlS JIFMAM )| A JIF ) JASIONDIFMAM )| J(AISOND{ ) FMAM 1| ) Al ) JJ|AlS J|F ) JIF )|) u.n=»034$¥ﬁ
| 11
LHC — Run 4: HL-LHC

INJECTORS

Time-bound project for 5 years

cTesting POC (collimators, CPS PCs)

B ———————]

@ Improvements ready for Run 4 starting in 2029 ———

Data processing POC

P roj e Ct W i t h 2 p h a S e S : . °u nasuc:nsase . ":a e e: 0 ni isatipn,stabilisatidn

@ Prototyping and first operational tests in Run 3 (now!)

AccTesting|LHC

@ Full implementation during LS3 and sequential
commissioning in Run 4 g E—

D ———]

Data Processing Framework

Magnetic measurements CERN complex

Hysteresis campensated
Fully adtomated HWCsIST .

01/24 01/25 01/26 01/27 01/28 01/29 01/30
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Conclusions

Automation has long tradition at CERN
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Conclusions

Automation has long tradition at CERN

The recent automation wave is radically different: data-driven!
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Conclusions

Automation has long tradition at CERN

The recent automation wave is radically different: data-driven!

CERN has been investing into automation infrastructure and is working towards a
paradigm shift with the Efficient Particle Accelerators (EPA) project

EPA was given 5 years to address various efficiency bottlenecks through
@ Automation of accelerators and equipment

@ Improved modelling
@ Use of AI/ML at scale

SX Workshop - Wr. Neustadt, A. Huschauer & V. Kain, 14-Feb-2024
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