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Introduction
- The MYRRHA project
- Low energy beam transport line

Machine learning
- Training databases
- Network performances
- Transferability

Conclusion & Prospects
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High power proton beam (up to 2.4 MW
Accelerator Reactor enp P (up )
» Subcritical mode (65 -100 MWth)
(600 MeV - 4 mA proton) « Critical mode (~100 MWih) Proton energy 600 MeV
Peak beam current 0.1to4.0mA
Repetition rate 1t0250 Hz
Beam duty cycle 10%to1

Beam power stability <+ 2% on a time scale of 100ms

Beam footprint on reactor window Circular Z/85mm

Beam footprint stability <+ 10% on a time scale of 1s

# of allowed beam trips on reactor longer than 3 sec

10 maximum per 3-month operation period
' : # of allowed beam trips on reactor longer than 0.1 sec 100 maximum per day
Multipurpose
Flexible Fast # of allowed beam trips on reactor shorter than 0.1 sec unlimited
Irradiation — o
) Source Extreme reliability
Facility Lead-Bismuth

coolant
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Allison Scanners

7 controls:

e Solenoids x2
* Steerers x4

e Collimator x1

LEBT at LPSC, Grenoble (2017)
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Beam current transmitted through the LEBT as a function of the solenoids focusing (current in the coils)

o Iso11,Iso12 € [50,110] A, stepsize = 2 A

* Iso11, Iso12 € [50,110] A, stepsize = 2 A o Lyrce = 8MA

* Isource = 8 MA « P =1.9 x 107> mbar (Ar injected for SC compensation)
* P=12x107° mbar * Isteeran = —0.5 A, Isteeray = 0.75 A

* Isteerers =0 A e Collimator extension =40 mm
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Beam current transmitted through the LEBT as a function of the current in the steerers

Transmission maps: Steerers

* Isioeravs Isteeray € [—3, 3] A, stepsize = 0.5 A * Isteeravs Isteeran € [—3, 3] A, stepsize = 0.5 A
* Lsource = 8 MA * ILsource = 8 mA

« P =1.9 x 107> mbar (Ar injected for SC compensation) « P =19 x 107> mbar (Ar injected for SC compensation)
* o1 =65.6A 15, =779A e o1 =65.6A 155, =779A

Collimator extension =0 mm * Collimator extension =40 mm

3

| d | |

l =

0
Isteerzv [A] ISteerZV [A]
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* Objectives

Fast control and tuning for different linac beam modes (peak current, duty cycle)

e How ?

Training of an experimental model using supervised learning
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/ An artificial neuron \
Input X
Weights W
Bias b — >
Activation function f f Network caracteristics:
* Dense
Activation a  Relu (hidden layers)
* Sigmoid (output layer)
Outputa = f(WX — b) & P Y
INPUT HIDDEN QUTPUT

LAYER LAYER LAYER

Can fit any continuous function
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Supervised Learning

/ Supervised learning of a neural network

Input
X
Training:
W,b
Evaluating: Inpu

.

Estimated error

Neural ~ Actual output
Network ' Y

Error Desired output
estimator D
D-Y

Neural Actual output

Network Y
Desired output

} “Score”
D
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* Learning rate: from 0.1 down to 0.001
* Error estimator: MSE

* Optimizer: SGD
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MYRRHA (SCK*CEN, Belgium)

e ~20000 measurements

Training data

19 “slices” with solenoids

20%
i ) _> Dataset ——
6 “slices” with steerers

Evaluation data

Validation data

Slices at different slits extensions

. _mpuwt | Desiredoutput
Current in steerers x4 [A]

Current in solenoids x2 [A] Collimator opening x1 [m]

Pressure gauge x3 [bar]  Current in FC2 [A]
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Experimental Model Error
110 110
110
5 5
100 100
100 04
4 4
90 90 20 '
< £ E SEZ
~ 80 = & 80 =2 80
3 5 8 35 S ’
& F: 8
70 70 2 70
-0.2
60
60 60 1
50 -0.4
50 50 0 50 60 70 80 90 100 110
50 60 70 80 90 100 110 50 60 70 80 90 100 110 Iso [A]
Ison [Al Ison [A]

Execution time = 1 ms
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Model output

Experimental Model Error
3 3
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Model output : Identified issues & improvements

Precision issue

How to improve ?

More training data !

= Model Simulation or Measurements
o o Experiment

0 10 20 30 40 50
Collimators extension [mm]
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Same configuration as MYRRHA (LEBT + RFQ)

95 keV Collimator Collimation cone IPHI @ CEA Sacla
Up to 100 mA e : -1ay
| ‘ 3 MeV
H* source Solenoid + Steerers

Radio Frequency Quadrupole (RFQ)
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o scomemone RFQ output current RFQ transmission
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* Machine Learning model

* Training of an experimental model is possible

* Improvement to be made

* Optimize training: solve overfit issues

* Optimize neural network (minimize training/execution time): #neurons, #layers, ...

* Prospects

* Training of a neural network controller

* From desired current and RFQ transmission =2 solenoid settings
* Applications to SC cavities fast fault-recovery
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 Execution time ~10

US

* Quality evaluation: RMS error

Outputs

RMSE on training dataset
RMSE on validation dataset
RMSE on test dataset

RMSE on whole dataset

Beam current [mA]

0.09
0.10
0.10
0.09

true __ ,,model 2
RMSE=\/Z”(y‘ i)

Beam current [mA]

0.66
0.79
0.81
0.72

N)’i

MYRRHA IPHI

RFQ transmission [%]

1.25
1.62
1.65
1.42
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Collimator Collimation cone

H* source Solenoid + Steerers

Radio Frequency Quadrupole (RFQ)

Dataset M

IPHI (CEA Saclay, France)

e ~8000 measurements

: : Collimator Beam current  Transmission
Current in solenoids [A] .
opening [m] output [mA] [/]
Isoll Isolz Teoll IBeam,out TRFQ
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Evaluation data

Validation data
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Comparison Grenoble-LLN
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110

100

90
<
~ 80
70
60
%5 60 65 : 70 75 80 85 90 95 100 ©
IsoH (A) 5050 60 70 80 920 100 110
- Ison [A]
® Isource =9 mA
eP=24 10_5 mbar *  ILsource = 8 A
. ° = _5
e Collimator aperture : 37 mm f 19 % 100 belar — 075 A
® Steerers settings inside solenoid 2 : . é;ﬂ?:j;’tor exténsi;:t:%‘;nm '
> IsteererH = 05 A
> IsteererV =-2A
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