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Background: Safe autonomy of accelerator complex

The accelerator complex is a large-scale MIMO system in nature. (Optics, RF phase and amplitude, etc...)
* Dynamics of intense charged particle bunches affected by:
 Components drift unpredictably with time, misalignments
* Uncertain and time varying particle distribution
* Collective effects:
» Space charge
* Beam loading

Noisy objective

0,0+ ¢

State 0,

Noisy constraint
g(0,1) + ef

We take measurement based approach for f(6), g(6) in the real operation.

Goal :minf(d) s.t.g(@) >0 Safety constraints : g(6,) > 0 for all ¢
0 2
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Recent Researches using machine learning (ML) methods for accelerators

NN based approaches, Modeling of “distribution” Gaussian process (Bayesian optimization)
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 Experimentally mapped the relation between accelerator input and Step number
longitudinal phase space (LPS) .
 Possible to predict longitudinal phase space even when they are not (C) Live 12 quadrupole
measured optimization

J. Duris, et. al., arXiv:1909.05963v1, 2019

C. Emma et al., Physical Review Accelerators and Beams 21.11, 112802, 2018. _ o _ -
Ongoing : Nishi et.al, Applying GP Optimier

developed by Spring-8 team @RIBF
C . ( Ref to Iwai et. al., WEOBO02)
Limitations

- Global parameter search -> Is the optimization process damage-free when searching broad parameters?

 Vulnerable to the machine drift and fluctuations -> Adaptive control method preferred in some tuning cases
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Model-free adaptive control (Extremum seeking control, ESC)

Dither based extremum seeking

C(p) 1. Bounded adaptive feedback technique developed for Multi-input system,
dp:
. . J - .
C(p + bsin(w1)) — = /aw; cos|wit + k.C(p,1)], C(p,t) = C(p,t) + noise,
P () ar -~ VTR Uy
7 w; # w; (Orthogonality)
LN = X

\/A result in the average parameter dynamics, which is a gradient descent of

asin(wt) cost C(p’ t) _
N 51 b @ — kja oC
i i : p = p + bsin(wt) D Jt ) 0]5]

2. Parameter search within small parameter range without pre-training

dp
‘E‘ = | /aw; cos(wit + kC) | <, /aw;

 Can apply the algorithm to a time-varying system
 Rapid response to the increase of cost function is advantageous for damage protection
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Animation of ESC for adaptive state space

2D visualization on time-varying function with
2 local minima (Cassini oval)

C(x,y) = (x* 4+ y2)? = 2x* + 2y? + (—0.5x)
y=y—1 Adding slope

Adding time varying shift in +y

Red line’s trajectory
X, = yt\/axa)x cos(w,t + kC(x,y)), @, = 1.0

y, = yf\/axa)y cos(ayt + kC(x,y)), w,=1.3

10 -

y = 0.999 : amplitude decay factor

 Work for time-varying state map

 Potentially overcome stuck in local minimum

depending on the dither-amplitude
Red dot : temporal position (x, y, C(x,y))

Black dot : 50 steps averaged position (x, y, C(x, Y))[r—so f
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Application examples of ESC: Noisy case

A. Scheinker, et. al., Phys. Rev. Accelerators and Beams 22, 082802 (2019)

LCLS accelerator’s RF phase and bunch compressor settings 0 min 3 min
6 parameters simultaneously tuned g
1. Linac1 phase setpoint 01 4opoint average T Y
—_ .. . ve e, 2 T T2 I L ::-‘3.\
= 0.8 S oo o 5wl Voog T em ,k:o:,» e ".,‘. P
PRI R N R T A TRl 1 e
2. X-band cavity compensating for energy > o "a:?':f;’}' & ,~1 $ Rt i ;’ V5 2
- & DA R PR o O AN PR N T Ty
offsets introduced by L1S S Ly S Y SRS
g 063 L T e B~
Injector L1X 3. Bunch compressor 1 energy setpoint < o s . v : b
l / L2-linac L3-linac : - ' /
Undulator 04" : : ' ' : :
0 400 600 800 1000 1200 1400 1600 1800
measurement number
- - . ) 25 I , : : , : ]
4. Linac 2 phase’setpoint 6. Linac 3 (L3) phase setpoint [ first 100 steps mean - 0,58
20 eps mean = 0.76 ,/'
: _ A
5. Bunch compressor 2 (BC2) energy setpoint = 15 Xv )
E 10 -
5— \
* 40-point average for 10-Hz sampled data - ’P e s

energy [arbitrary units]

 FEL power increased by 30% :
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Application examples of ESC: Robust to time-varying environment

A. Scheinker, et. al., Phys. Rev. Accelerators and Beams 22, 082802 (2019)

EuXFEL sudden phase shift example,
robust to noise and sudden setting changes

10007« raw Tuning 15 phase-shifter gaps (chicanes)
2 point moving average between each undulator section
3 800+ 17.8-
= .
o0
o 17.6-
O 600 -
Q 17.4- , |
2 _ |
g- S 17.2 -
L 400 ™y
é‘) a 17.0
g '|l' 'l w‘ [ bf
= : 16.8 - T MY |
200 - step change in RF 1l | (
16.6 - 1 | /
T T T T T T T 164 “ Step Change in RF
0 200 400 600 800 1000 1200 0 100 200 300 400 500 600
measurement number step number

dpj

\E\ = | /aw; cos(wit + kC) | <, [am;
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Potential ESC application at RIKEN : Rl production

Vertical axis
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(a) Beam intensity oriented tuning
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S. Takacs, et. al., Nuclear Instruments and
Methods in Physics Research B 397 (2017) 33-38

Rl target

| | Baffle
(b) Baffle current oriented tuning
Baffle

* Large enough beam intensity for higher production rate

* But should be less than the damage threshold of target Zl
* Smooth beam profile on target, less energy spread for purity
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Test at AVF accelerator system, goal of this application

ECR lon Source

Current procedure manually done by operators
Beam chopper

* Equalize each baffle current observed to achieve the large enough
* radius on RI production target. 7 parameters are used in this study.
‘4\ e Start by low beam intensity using the beam chopper. Increase the
— - beam Intensity and repeat the process above again
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Experimental result : Cost function and baffle current response

. MT : 5/5, 3 hours of Machine time
Overall cost function

Vertical axis
Up (U)

2 mm thick Ta plate
Isolated into 4 sectors

Left (L) Right (R)

Horizontal axis
Down (D) Isolation gap

Inner radius
9:9 mm

1.5 -

RelLU
AbsLinear

lope : 1/20

-100 0 100 200 300
Baffle current /; [nA]

Cost function C

a. Beam duty from 20% to

30%
2 .

b. Beam duty from 30% to

1.5

1 |

140%.

500

1000 1500
(1 step = 2s)

ES steps

* Beam duty changed occasionally to show the
robust response of the method

* Thermal effects on the AVF trim colls are
compensated while this operation.
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Baffle current result when W,-Bj(lj) equally weighted (w; = 1)

j=RLUD " /

Baffle current to be controlled Transverse beam profile

20 steps average

— — Envelopes 1.0F ' ' ' ' ' ' . ' 1
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_ A . ; Ten & 43 | Right, Up, Down signal 9
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40

Left current signal is | /

not controlled to the setpoint | Gorresponds to Left baffle current
- Characterize smaller sensitivity

0 50 100 150 200 250 300 350 400

ES steps Motivates the adaptive weighting of
Left baffle current has less amplitude compared to the other components cost function Wi

12



PASJ2021 WEOBO1

Adaptive weighting of objective function sensitivity

kC(p,t) = @)+ w B; (;(p, 1))

j=R,L,U,D

e 20 steps average Update w; depending on the variance of

— — Envelopes

| | T T u u u , "
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A (D ONINGER -2 DA 'Ni " % 'm‘ ~50 2 B G RY @R oA D @
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_D: \'A) )
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e B(Z) = [B(0), B(T), B2T), ..., BNT)].
Simple moving average

B(I) = SMA(B(I,))

Dither history on objectives

Bfluc — BJ(IJ) o EJ(IJ)

Determine each weight by variance of Bﬂuc
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Simulation results for the setup similar to the experiment

No update in weights w; = 1

kC(p,t) = S;(J;@t) + w, (L(p. )
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Summary

* |Introduced adaptive control scheme for the accelerator tuning

* |In the experiment, cost function being minimized towards the local
minimum even under sudden state change

* New adaptive weighting scheme for the gains in multi-objective
function case proposed and tested via simulation.

15
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Scenario in intensifying HIB tuning

Preset value (designed local minimum)
Disturbances
(nonlinear effects, thermal drift )

Tune parameters s.t. observed
value achieve certain set point
Evaluate Interlock alert
Intensify beam

* Intensifying the beam current induces various effects

 Machine state change over time due to hardware instabilities and thermal
effects

16
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Compensation of time-varying distribution with ESC

Time varying response to the nonlinear effect such as space-charge when intensifying beam

Beam evolution of x-px due to Space charge factor /',
in ti —r*20; 2 —r*20; |

space charge effect in time
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DAC Communication error problem @ Riken

47.4 .
ESC performance would have been better 5 la89 &
: : _ _ Q 47.35 'H’,HH‘H“W U e (G S =
If there’s no communication error... o 473 , sags &
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| | | | ] | 9\,
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DAC current readouts of the power supplies. Q 1 {1 -
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l name O ' ‘] Ll _ &E)
QTCO1A L0l | 5 e | | zj @
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1 a J Y
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~ | N~
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0 500 1000 1500
ES steps 18

Some controllers cannot handle multiple DAC signals from EPICS’ IOC at the same time.
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Hyper parameter tuning procedure

dp;

dt

Choice of oscillation amplitude , /aw;

J

—= =, /aw; cos[wit + kC(p, 1)], Define w; to equally span between 1 and 1.75

Decide p,,,. and p, .. to limit the applicable input parameter within safe set.
These should be large enough effect on cost functions

Normalized to p,, ...

Initial oscillation amplitude
Pmax t Pmi
pO — 0.1 X max min

2

Normalized to p, ...

S L
o | J l f'\' NWJNM’!"m“'“nvP”mf"\mM‘Ww"f.vf-',-.v-'-wwww——
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o
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% 50 0 4 M — Prs.an
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ﬁ ) o5 M T ity . bouinds
=
—0.50 &
—0.751
> —1.00

1000 1250 1500 1750 2000
ES step

0 250 500 750

Time decaying oscillation amplitude

y = 0.999

19



2B DR TE

x y} b : w E’ﬁ 1Y —DERENICED < FHAERBCEEMICERT 2

EWEB%%“&@EQE (ES_Algorithm):
l (self,p,q):
f val = 0
S R — oz S B A #####  Describe evaluation function here
dAVIN—3X>2 ~DEIK be ©

l

H A S YIHRE DR TF SHAREEADT 1 Y kB L OIRENESVIEMED EE
l # in main function
JNY 7EEE. ESC/NT X5 —D#EAL
»Y N ES_steps =
p_max = np.array( (esc_input_dict.values())) + ps_allowable_diff_list
Aﬁ/&%/ﬂ”{@@%ﬁﬁtﬂ AW, \/7“ \ p_min = np.array( (esc_input_dict.values())) - ps_allowable_diff_list
l KES =
~ — — oscillation_size =
SIS, ESC AN DETE, ENAM V=T
decay_rate =
es_class = ES_Algorithm_User(ES_steps,p_max,p_min,kES,oscillation_size)
If t%tshow =0 p_maxic =y Y I ——
(BT VYT T 1% D IR BN IRIE
050 fV‘ﬁwwyﬂﬂﬁﬁmﬂ"““*””"w“"“wwyw”wﬂﬁh*; . - .
R o ‘!)M".L ';utﬂ‘-l,“‘l- ' oscillation_size*exp(-decay_rate*ES_step)
L7 7 ORR) {nw \‘“I'AM,W —rmar | = 0.1xexp(-0.999x2000)
E ool U™ s
Oscillatiorl_size:9.1 ‘ E: h M""Wu
! | R DIEENIRIE : {
p_minlCFRIE1E > -L00

0 250 500 750 1000 1250 1500 1750 2000

ES step 2 O



PASJ2021 WEOBO1

Skewed gaussian profile used in the simulation

: : 1 .
0.7 Gaussian dist.  ¢(z) = e 7
=~ /\\ ( ) \KQ_’)T
X p—— // \ |
a=1 . S B l T
| e \\ Skewing ®(x) = /X (t) dt = 3 [1 +erf( V@)]
/L \\
NN PDF f(x) = 20(2)®(az).
= /‘/ ‘\‘\ \
0.3 // / \\\ \\
/ \
0.2 //' / \\\ \\
| . // \\ =-6, applied to the profile in x. Assumed px is gaussian.
20— -1 0 1 s
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The figures fetched from Wikipedia : Skew normal distribution
https://en.wikipedia.org/wiki/Skew_normal_distribution

X x107



