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CASE STUDY: Misalignment of the injection line beam of KARA Accelerator

Booster

53 MeV - 500 MeV

Main causes :
hysteresis, calibration errors, or deviations from the modeled lattice.
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Annotated Image with Aim Center as Reference
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* Deflection of the particle beam in the injection line as it passes
through the quadrupole magnets.

* Increased Energy Loss.
* Reduced Beam Efficiency and Performance.

* Unreliable Experimental and Image Data leading to errors in
diagnostics.
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CASE STUDY: Misalignment of the injection line beam of KARA Accelerator A\‘(IT

Karlsruhe Institute of Technology

Solution : Application of Bayesian Optimization (BO) to control
steering and quadrupole magnets in KARA

R . .
Faster tuning with fewer tests Optimizations with comparable machine condition.

. . . . R injection time for 100 mA f in to 18 min.
+ Accurate alignment by handling complex parameter interactions. educed injection time for 100 mA from 30 min to 18 min

* Automated optimization reduces manual effort.
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Bayesian Optimization in Accelerator Tuning
AT

| A coordinates = []
A angles_recorded = []
HOW does It Work‘p —d > \ Karlsruhe Institute of Technology

segment = get_segment()

Define obj. function
with varying angles

s s g e to control 2 steering
array - segnent SCREEN,reading. numpy() magnets

segment.Ml.angle .tensor(angles
segment.M2.angle .tensor(angles

- fun(angles):
% coordinates
3

Determine the

ObjeCtive funCtion coords = np.unravel index(np.argmax(array), array.shape)
f(x) WIth coordinates.append(coords)
parameters

angles_recorded.append((angles["angle 1"], angles["angle 2"])

istance": abs(coords[@] - 1824/2) + abs(coords[1] - 1624/2)}

Determine the

next query points Apply Prior

Distribution
(Gaussian Model)

Use the Posterior :

Distribution and
built Acquisition
Function

Gather new points

Apply Bayes” Theorem

4 6/26/2025 Evangelos Matzoukas Energy Lab 2.0 - Institute for Technical Physics (ITEP)



Bayesian Optimization in Accelerator Tuning
AT

coordinates = []

angles_recorded = []

e e . Define obj. function
| A | with varying angles
A = S ) to control 2 steering
magnets

. ) ,.i - Karlsruhe Institute of Technology
How does it work?
. ) fun(angles):
% ( coordinates
’ segment = get_segment()

array = segment.SCREEN.reading.numpy()

Determine the

ObJeCtlve funCtlon coords = np.unravel index(np.argmax(array), array.shape)
f(x) WIth coordinates.append(coords)

parameters

angles_recorded.append((angles["angle 1"], angles[":

return {"distance": abs(coords[@] - 1024/2) + abs(coords[1] - 1024/2)} Thls Sets up the
Apply Prior ﬁ Gaussian model

Determine the
next query points

Distribution
(Gaussian Model)

Use the Posterior )

Distribution and
built Acquisition
Function

generator = Uppe rator (vocs=vocs)

Gather new points

evaluator = Evaluator(function=fun)

xopt = Xopt(generator=generator, evaluator=evaluator, vocs=vocs)

xopt.random evaluate(28)

Apply Bayes” Theorem

display(“Best Pa 1", xopt.data.nsmallest(1, "dist
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coordinates = []

Bayesian Optimization in Accelerator Tuning
AT

angles_recorded = []

Define obj. function
segment.M2.angle El . .
| with varying angles
A = segment. track(incoming_beam) to Control 2 Steering
array = segment.SCREEN.reading.numpy() magnets

segment.M1.angle

. ) ,.i - Karlsruhe Institute of Technology
How does it work?
. ) fun(angles):
% ( coordinates
’ segment = get_segment()

Determine the
ObjeCtive funCtion coords = np.unravel index(np.argmax(array), array.shape)
f(x) WIth coordinates.append(coords)

parameters

angles_recorded.append((angles["angle 1"], angles[":

return {"distance": abs(coords[@] - 1024/2) + abs(coords[1] - 1024/2)} Thls Sets up the
Apply Prior Gaussian model

Determine the
next query points

Distribution
(Gaussian Model)

Use the Posterior )

Distribution and
built Acquisition
Function

generator = Uppe rator (vocs=vocs)

Gather new points

evaluator = Evaluator(function=fun)

xopt = Xopt(generator=generator, evaluator=evaluator, vocs=vocs)

xopt.random evaluate(28)

Apply Bayes” Theorem

display(“Best Pa 1", xopt.data.nsmallest(1, "dist
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Bayesian Optimization in Accelerator Tuning
AT

coordinates = []

angles_recorded = []

.‘ Define obj. function
segment.M2.angle = .tensor(angles " . .
| | with varying angles
A = segment.track(incoming_beam) to Contr0| 2 Steering
array = segment.SCREEN.reading.numpy() magnets

segment.Ml.angle = .tensor(angles

. ) ,.i - Karlsruhe Institute of Technology
How does it work?
. ) fun(angles):
% ( coordinates
’ segment = get_segment()

Determine the
ObjeCtive funCtion coords = np.unravel index(np.argmax(array), array.shape)
f(x) WIth coordinates.append(coords)

parameters

angles_recorded.append((angles["angle 1"], angles["angle 2"]))

return {"dist e": abs(coords[@] - 1824/2) + abs(coords[1] - 1624/2)} Thls Sets up the
Apply Prior et o Gaussian model

Distribution

Determine the
next query points

(Gaussian Model)

c.)l’)jectives: distance": "MINIMIZE"},
- )
Use the Posterior

generator = Uppe tor (vocs=vocs)

ST DG PelmE Updates Gaussian
evaluator = Evaluator(function=fun) m Od e I a n d a p p I ies
xopt = Xopt(generator=generator, evaluator=evaluator, vocs=vocs) B aye S Th e O re m

Distribution and
built Acquisition
Function

xopt.random evaluate(28)

Apply Bayes” Theorem

fipamibaenengelss ) :
xopt.step()

display(“Best Parameters:"”, xopt.data.nsmallest(1, “"distar

7 6/26/2025 Evangelos Matzoukas Energy Lab 2.0 - Institute for Technical Physics (ITEP)



Bayesian Optimization in Accelerator Tuning
AT

coordinates = []

angles_recorded = []

.‘ Define obj. function
segment.M2.angle = .tensor(angles " . .
| | with varying angles
A = segment.track(incoming_beam) to Contr0| 2 Steering
array = segment.SCREEN.reading.numpy() magnets

segment.Ml.angle = .tensor(angles

. ) ,.i - Karlsruhe Institute of Technology
How does it work?
. ) fun(angles):
% ( coordinates
’ segment = get_segment()

Determine the
ObjeCtive funCtion coords = np.unravel index(np.argmax(array), array.shape)
f(x) WIth coordinates.append(coords)

parameters

angles_recorded.append((angles["angle 1"], angles["angle 2"]))

return {"dist e": abs(coords[@] - 1824/2) + abs(coords[1] - 1624/2)} Thls Sets up the
Apply Prior et o Gaussian model

Distribution

Determine the
next query points

(Gaussian Model)

Use the Posterior )

generator = Uppe

Gather new points Updates Gaussian
evaluator = Evaluator(function=fun) m Od e I a n d a p p I ies
xopt = Xopt(generator=generator, evaluator=evaluator, vocs=vocs) B aye S Th e O re m

Distribution and
built Acquisition
Function

xopt.random evaluate(28)

Apply Bayes” Theorem

for i in r'v—‘:‘—ty:q):
xopt.step()

display(“Best Parameters:"”, xopt.data.nsmallest(1, “"distar

8 6/26/2025 Evangelos Matzoukas Energy Lab 2.0 - Institute for Technical Physics (ITEP)



Bayesian Optimization in Accelerator Tuning

How does it work?b '  _'
o |

Determine the
objective function
f(x) with
parameters

Determine the

next query points Apply Prior

Distribution
(Gaussian Model)

Use the Posterior

Distribution and

built Acquisition
Function

v Gather new points

Apply Bayes” Theorem
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coordinates = []
angles_recorded = []

fun(angles):
coordinates
segment = get_segment()
segment.Ml.angle h.tensor({angles|
segment.M2.angle h.tensor(angles|
= segment. track(incoming_beam)

array = segment.SCREEN.reading.numpy()

coords = np.unravel index(np.argmax(array), array.shape)
coordinates.append(coords)

angles_recorded.append((angles["angle 1"], angles["angle 2"])

return {"distance": abs(coords[@] - 1024/2) + abs(coords[1

6e-4, 6e-4],
6e-4, 6e-4],

I
objectives={"distance": "MINIMIZE"},

)

generator = Upperconfi tor (vocs=vocs)

evaluator = Evaluator(function=fun)

xopt = Xopt(generator=generator, evaluator=evgl@ator, vocs=vocs)

xopt.random evaluate(28)

display(“Best Parameters:"”, xopt.data.nsmallest(1, “"distance™))

- 1024/2)}

AT

Karlsruhe Institute of Technology

Define obj. function
with varying angles

to control 2 steering
magnets

This sets up the
Gaussian model

Updates Gaussian
model and applies
Bayes Theorem

Repeatedly
choosing the next
best point to
evaluate, using the
acquisition function
Exploitation /
Exploration
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Results QAT
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Control of the steering magnets

Cheetah Simulation software: 0
https://github.com/desy- 50
ml/cheetah Y
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Results QAT

Karlsruhe Institute of Technology

Control of the steering magnets

Cheetah Simulation software: 0

Position of magnets along the beamline
https://github.com/desy- 50 s M1 M2 0203
ml/cheetah ™  «‘ 2 Beam i B0
R . 100£
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* After iteration 30 both angles stabilize
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Results QT
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Control of the steering magnets

it o am Coordinates (x,y) 0.0006 Heatmap of Distance based on Angles
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* Total beam displacement as a function of these angular settings

Angles of M2 (rad)

—0.0002 584

—0.0004

440

368

Exploration * A minimum region appears where the beam approaches the
optical axis
* Highlights the strong sensitivity of the trajectory to small steering
deviations

* Defines a low-displacement region that would serve as an ideal
starting point or prior for downstream optimization
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Results QAT
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BAX to aligh beam through quadrupole centre (M1, Q1)

Beam displacement X f(M,,Q1)

100 Beam X displacement f(Q;) varying M,
75 ’7 100 100 —— M, = 0.042017920991668005 -
751
50 | :
50 50 1
25 :,;% 22- .
0 : 1 ]
S —251
-25
-50 _50 ]
-0 >0 a —— Median
=75 ‘ —-100 =731 0- [ 95% C..
—-100-— ‘ ; ; ; ‘ : ; - . . . . .
-100 —106-75-50-25 0 25 50 75 100 -10 =5 0 5 10

-10.0-7.5-5.0-2.5 0.0 2.5 5.0 7.5 10.0 0,
My (A)

o0}
o

(o)}
o

Q1(A)
o
X-centroid (mm)

N
o

Virtual Objective
i
o

* Need of multi-objective algorithm
* Minimize a virtual objective defined as the difference slope in the position of the beam,
calculated by varying the quadrupole strength Q1

= 6/26/2025 Evangelos Matzoukas Energy Lab 2.0 - Institute for Technical Physics (ITEP)



Results QAT

Karlsruhe Institute of Technology

BAX to aligh beam through quadrupole centre (M1, Q1)

Q1(A)

-10

Beam displacement X f(M,,Q1)

100 100 Beam X displacement f(Q;) varying M,
—— M, = 0.042017920991668005 80 i
75 100 75 q>)
>0 50 g 50 48 60
X

0 0 Té § 01 O 40

25 c =25 ‘©

50 -0 NS =50 4,? 201

75 =751 > - Zse;:acr;.

-100 100 01, : : , :
0 —-100-75-50-25 0 25 50 75 100 =10 —~5 0 5 10
—-10.0-7.5-5.042.5 0.0 2.5 50 7.5 10.0 0
M1 (A) M,

The beam remains minimally displaced across varying
guadrupole strengths, indicating ideal alighment.

14

Need of multi-objective algorithm
Minimize a virtual objective defined as the difference slope in the position of the beam,
calculated by varying the quadrupole strength Q1
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The beam remains minimally displaced across varying
quadrupole strengths, indicating ideal alignment
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Results QAT
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BAX to aligh beam through quadrupole centre (M1, Q1)

Q1(A)

-10

Beam displacement X f(M,,Q1)

100 100 Beam X displacement f(Q;) varying M,
—— M, = 0.042017920991668005 80 i
75 100 75 ] G>J
>0 50 g 50 48 60
25 ~— Q 25 - o—
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-10.0-7.5-5.0/425 0.0 25 5.0 7.5 10.0 Ql
M1 (A) M,

The beam x-displacement as a
function of quadrupole strength Q1 is near zero,
confirming flat response and effective decoupling

Need of multi-objective algorithm
Minimize a virtual objective defined as the difference slope in the position of the beam,
calculated by varying the quadrupole strength Q1
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Results QAT
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BAX to aligh beam through quadrupole centre (M1, Q1)

Beam displacement X f(M,,Q1)

100 100 Beam X displacement f(Q;) varying M,
—— M, = 0.042017920991668005 80 J
75 100 75 1 G>J
>0 50 g 501 48 60
25 ~— Q 25  —
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o S —
-25 < —25] ©
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-100b—r——————————————————— : — A\ .
-100 —106-75-50-25 0 25 50 75 100 -10 =5 O 5 10
~10.0-7.5-5.042.5 0.0 2.5 5.0 7.5 10.0 0,
M (A) _ M,
The beam remains minimally displaced across varying The b‘eam x-displacement as a _ BAX algorithm'’s ability to infer optimal
quadrupole strengths, indicating ideal alignment. function of quadrupole strength Q1 is near zero, alignment from indirect measurements with

confirming flat response and effective decoupling high confidence

* Need of multi-objective algorithm
* Minimize a virtual objective defined as the difference slope in the position of the beam,
calculated by varying the quadrupole strength Q1
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Conclusion

Now

.Test (BO) and

BAX code in
.perform KARA facility.
Simulations
with Cheetah
using (BO)

%xtract data and BAX.
from KARA, Steering

injection line magnets,
beam quadrupoles
measurements
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Maybe RL? Open for
discussions

Energy Lab 2.0 - Institute for Technical Physics (ITEP)



AT

Karlsruhe Institute of Technology

o*
o

L 6/26/2025 Evangelos Matzoukas Energy Lab 2.0 - Institute for Technical Physics (ITEP)



