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Context

Polel Accélérateurs,et Sources d'lons

ERL4ALL

* Accelerate charged particles through
electric and magnetic field.

» Several kinds of particle accelerator
(linear, circular, plasma-based ...)
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ASTERICS

* Generate ionsinside a plasma using
Electron Cyclotron Resonance (ECR).
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Context

Pole\ Accélérateurslet\Sources d'Ions,

|

ERL4ALL

Accelerate charged particles through
electric and magnetic field.

Several kinds of particle accelerator
(linear, circular, plasma-based ...)

ASTERICS

* Generate ionsinside a plasma using
Electron Cyclotron Resonance (ECR).

\»

ECRIPAC «—/
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Thesis outline and goals

ECRIPAC (Electron Cyclotron Resonance lon Plasma Accelerator, R. Geller, 1990)

ECR plasma accelerator with adjustable ion energy, up to 100s MeV/nucleons.

* Scientific interest: Reduced accelerator dimensions, established technologies and simple design.

Aim oa L
« Numerically simulate ECRIPAC coll GYRACsection PLEIADEsection
to asses device feasibility. N Detector
lon I :
sources !
Methods Wg L reverse | l vacuum
* Theoretical calculations. Merowave P ] T L fedeon  ITTTTE :
* Monte Carlo electron simulation.
* Particle-In-Cell simulation.
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Some physical basis

Electron Cyclotron Resonance (ECR)
Electron e in magnetic field B and transverse

time varying electric field E(t) rotating at wyp.

e‘rotating at
frequency ()

© B
—> E(b)

. = B
» e gain L energy from E(t) if wyr = O = %
Magnetic mirror confinement Lllgg_g__b_za_ Il rolling up/down _q_hj_l!l
Charged particle propagating towards 1 B. - VB > 0: v converted to v,
v VB < 0: v, converted to '
AYVL 4 S SN
1% 1 , 1 5
- —-m +—-mv,© = const
: 2 2 _ B,
| mv, 2 —  if sinf = B
O H=—p ~ const 1
' — Particle reflected
| to B and confined!
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Some physical basis

Two main physical phenomena inside ECRIPAC
Gyromagnetic autoresonance.

lon entrainment.
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GYRAC principle: Gyromagnetic autoresonance (GA)

Autoresonant acceleration of electrons in magnetic field smoothly growing in time.
v Experimentally verified!

GYRAC accelerator prototype

MAIN MAGNETIC
FIELD LOILS
: : 13 . |
» Y, increases quasi-synchronously L P EJELTION COI. £ BESOUNT
. - 111 % /" CAVI
with magnetic field growth B/BO MAGETIC FIELD LIVES =—
_— 9 T
through relativistic ECR. S AT —
& 7 o FN.TEE]’J‘UH___—"‘__#_F—J & 1 eecTion
-~ X _‘__——_‘———-f--_ 3
aB®) _BO| Y —e
HF =34 = Ve (t) B 3 7 m =
eye 0 1 | 100 002 004 006 0.08 R.E EL :‘E&f_/ m
0 1 2 3 FIELD LINES
t [us]
REVERSED MAGNETIC
FIELD COlL

|Z-5TABILIZATION

Golovanivsky (1982), IEEE Transactions on Plasma Science 10 (pp. 120-129).
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PLEIADE principle: lon entrainment

Local difference in ion and electron density arising from electron displacement in a magnetic field with
VB < 0 generates a space-charge field which accelerates the ions.
v Experimentally verified!

PLEIADE accelerator prototype
MULTIPLICATEUR CAVITES CYLINDRIGUES MULTIPLICATEUR
. . TUBE- DE QUARTZ O'ELECTRONS 6AZ RAYONNEMENT X r:nz 0'ELECTRONS
Cylindrical plasma shape s X o
* Electron in outher region P, X0 0w o L ; .
. . . . ¥20 ~1000 -3000 RN )
and ions in inner region. i N l |
POMPAGE 8, | POMPAGE
° v =~ V:n. PROFIL DU : L I CIBLE PYROMETRIQUE
e” l" POTENTIEL il \ POMPAGE N
PLASMA -MESURE ! L L1 CIBLE CALORIMETRIQUE
SECTION DU JET i ! | [} ESCAMOTABLE
i IONS 1500- l : : : : | - 1500
ext B causs B causs
eT'fS _ Weeft ~ Wl" 8 ELECTRONS ) 1000 : | | ACCUMULATION 2 I | : L1000
500-| — 1 L s00
0 | | | ACCELERATION 1 11 o
Bardet et al. (1965), Nuclear Fusion 5 (pp. 7-16). Bardet et al. (1965), Nuclear Fusion 5 (pp. 7-16).
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ECRIPAC structure

6 — Bagyrac
Structure Bt D
* Injector: ion source (ECRIS or EBIS). E4 5
m fin
 GYRAC section: resonant cavity, main coils 2
and reverse field coil (magnetic mirror). = De2tfur _ Metnr
_ 0 06 08 1.0
 PLEIADE section: beam transport tube,
main coils. Main
field B
ol GYRACsection PLEADEsection
o SN Ei Detect E
Working cycle phases: =- s
. lon
 Gyromagnetic autoresonance (GA). sources
. i Vacuum
* Plasma compression (com). N Tg o Reverse |l oump
injector ~———==d - e :
* PLEIADE (PL).
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Gyromagnetic autoresonance (GA) phase

B [T]/Becr

Role
Increase electron energy through gyromagnetic autoresonance.
Particle statistics
71{313 71313 71313 71313
161 r16
* Plasma and HF wave injection at reverse field peak value. 14] 14
12 12
B(t) sinusoidal increase in time Lol 10
fup = 2.45 GHz
Bg: < B,  for stability reasons HE > 8] 8
\ Y / . ;
] N End of HF .
( \
B(t 1% C 2 L2
Yoa = (t6a) Torbit = < ~ 1.95cm (\ | | | | | |
By WHr  WHF 0 10 20 30 40 50
. : . . Start of HF tlus]
* Limitation: Results obtained in single electron approximation.
» PIC simulations required for behaviour inside a plasma.
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Plasma compression (com) phase

Role

Compress electron cloud and further increase electron energy.

HF wave injection stops, magnetic field continues to

increase up to the main field restoration.

Plasma compressed into a thin disk by electric field induced

by time-varying magnetic field.
» 1 n, improves ion entrainment.

* Constant of motion in {pZ/B = const

adiabatic approximation. r2B = const

1
B 2
I—} y(@) = <1 +éa— 1) 3 (EZQ

Y [m]

Y [m]

0.04
0.02
0.00
—0.02

—0.04

End of Plasma compression phase

0.04
0.02;
0.00
—0.02

—0.04

End of GA phase

~

—0.04 —0.02 0.00 0.02 0.04
X [m]

O

—0.04 —0.02 0.00 0.02 0.04
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W
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o w
# of electrons

# of electrons
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PLEIADE (PL) phase

dB .
d” < 0: VB force converts W, in W,. Role
z lon acceleration due to ion entrainment by
d%Bp; o o o electrons.
* —,z > 0:Minimize macroscopic instabilities.
* Vg = vy Collective field converts W, into W; . 50 2000
F2.40
L 8800 80
h Wei,com = WerpL = Wiy pL w7 .
8600 60
4.6 >~ 3 _
= £ E 230§
@ a 8400 = | a4 % -
* Nions << I\lelectrons L5 25
49 | 8200 L0
VVi Ve%com -1 Bfin MeV L 2.20
— =~ 469 > 1-— L 8000
A Ye.com Biax /] nucleon Rl 1 IS S N B o
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Pleiade length [m]
[ - UCA 13
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PLEIADE phase: Stability

* Non shake out condition: lon (charge Ze, mass Am,) * Limitations on magnetic field for
acceleration is larger than electron acceleration. accelerator stability.
VBZ Zze — VB/B — Electron bunch stability condition
Bz = maCZA ESC — Non shake out condition Allowed region

0.013 +

* Electron bunch stability: Coulomb repulsion is

weaker than VB force. 0.012 -
VB, 2e . -

= 0.011 4
—_— 3 SC [
B, mecz(ye,com - Ve,com) =

> 0.010 1

1
*  Minimum y for 3

maA 3 0.009 -
stable acceleration. Yecom = Yelim = MmeZ 0.008 | /

» Error in original paper: underestimation by a 00 25 50 75 100 s 150 175 200
faCtor Of 7 Pleiade length [m]
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Problems in state of the art

Unknown parameters
» Timescales??? External fields intensity???

. . ) Plasma parameters???
ECRIPAC numerical simulations 1m ???

e Bertrand (1992, EPAC 92 - Third Hem ~
European Particle Accelerator
Conference). 10 cm

* Umnov et al. (2004), Kube et al. (2005),
Kube thesis (2007).

» Only 2 studies, quite old and not self-

ECR

consistent. /]
bobines pleiade
bobines miroir statique 2
bobines d’expulsion
2*64 bobines pulsees Bert 1 Accélérat ECRIPAC.
Need for a new and accurate self- d ertrand (1993), Accélérateur
aspects théoriques et numériques

consistent simulation of ECRIPAC!

Need theoretical investigation to set the
parameters of the accelerator!
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Main limitations: Existence of stability for ion acceleration

mgA

Need ¥e com >> Yiim t0 ensure existence of stability region.

> Ve lim =
ye,com ye,llm <meZ

(SN

E Yecom IS too low.

—— Electron bunch stability condition
Allowed region

— VB/B
—— MNon shake out condition

Ye.com allows stability.

—— Electron bunch stability condition
Allowed region

— VB/B
—— MNon shake out condition

0.021 -
0.023 —)
—_ — 0.020
TE )/e,com ﬁ TE
= 0.0221 Bmax & = 0.019
2 n ¥ g
0.018
0.0211 ///
0.017 -
0 1 2 3 4 5 0 1 2 3 4 5
Pleiade length [m] Pleiade length [m]
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Main limitations: PLEIADE section cavity length

PLEIADE section cavity length (Ip;) must be tuned to allow accelerator stability.

E lp; is too short. [p; is correct.
— VB/B — Electron bunch stability condition — VB/B — Electron bunch stability condition
—— Non shake out condition Allowed region —— Non shake out condition Allowed region
0.023 1 0021
0.022- N
57 0.0211 lp, 0 - 0.020+
S
= 0.020 Ye.com ¥ =
@ e,com @ 0.019
Q 0.0191 ne 1 Qg
_ 0.018
0.0181 Bfin U //,/
0.017 - // fur O 0.017 -
0 1 2 3 4 0 1 2 3 4 5
Pleiade length [m] Pleiade length [m]
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ECRIPAC parameters analysis

Aim
Obtain ions of desired energy keeping a reasonable accelerator length.
» Study through parameter space analysis ¥ com VS Bfin.

* Nominal values

—— Boyrac

Plasma parameters External field 61 BpLemne
* A/Zratio of accelerated ions (2). parameters 51
* Electron plasma density n, (10% n,). * Ly (1 ms). =
* Initial plasma disk radius 1 gjs o (2 cm). * B (57). TP gl

° fHF (245 GHZ)

Requirements B Mme2nfur
[ .
*  VYecom: Lowest value ensuring stability fin: Ry Y i.'s A
existence. ztml .
* Ip;: Lowest value allowing stability. B(2) = 35—
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Example of parameter space: A/Q

W;/A [MeV/nucleon]
{5200 L5, 200 150 100 ‘5?; L5 200 150 100
14| (o 1.4 [ 1.4
< |
2 el
i 2|
£13 1.3 1.3
= !
I3 {ifl
2 |
2 0 |
" < [ ]
w13 1.2 LIS 13
“‘g" ‘II
[
I “ ||
l‘ J
11 11 Ly 11
AlZ=1 A/Z=2 A/Z=3
1.0 1.0 1.0
25 3.0 25 3.0 35 40 45 25 3.0 35 4.0
Bfin [T]

Minimum /p; [mM]

OA/Z:
9 {} Stability region surface (stability at 8 By, and ft W;/A).
gk J Ip; for stability.
2 0 tea (8 yym required to accelerate ions).

UGA

Andrea Cernuschi - 24/03/2025 @ Univorsits ZAL%
2N

GRENOBLE | MODANE Grenoble Alpes




ECRIPAC parameters influence

successfully completed.

constraints.

v’ Detailed investigation of ECRIPAC parameter

» More details in backup slide due to time

ECRIPAC suited to accelerate highly-charged ions with
small mass over charge using a dense plasma.

* B,,ax has beneficial effect but introduces
technological complications.

* fyr must be tuned according to applications.

@ fup = 2.45 GHz :
* n,=15%n.=1.12-10°%cm™3
¢ Bp,=4.89T
¢ tgy = 240.8 s

¢ lPL= 1.8 m

Prototype design for a He?* compact accelerator

NSO: Non shake out condition. - EBS: Electron bunch stability. - AR: Allowed region.

—— VB/B —— NSO —— EBS AR
0.0130] \
P 0.0120
« Arp; =0.02 cm =
Eﬁ;‘ 0.0115
 W;/A =9.53 MeV/nucl.
0.0110
0.0105 +— ; ; .
0.0 0.5 1.0 1.5

Pleiade length [m]
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3D Monte Carlo Particle-Tracking code

* N_part: total number of electrons simulated.
*  T_max: maximum allowed number of time-steps.
* T_gy: number of time-steps to finish GYRAC-HF.

* ts: current time-step.

Check if (e_numb
< N_part)

Free allocated o
Falze—»
memaory

True

——=e_numb +=1

h 4

Write initial and final Z False
particle diagnostics f

Check if
(1s = T_max)
and (electron is
ingide the plasma
chamber)

Initialize single electron and
'y evaluate electric and magnetic
fields at initial posion

True:

h

Evaluate magnetic and
electric fields

position

Evaluate electric
and magnetic fields
at electron cumrent

Check for electron Particle pusher
—» confinement inside —» (relativistic Boris
magnetic mirror algorithm)

Check if
(ts = T_gy)

Wite current
particle
diagnostic

False—>| Evaluate magnetic field ‘

* e_numb: current number of electrons propagated.

Validated with literature on GYRAC accelerators
(simulations + experiments) (backup slides).

* Single-electron approximation (no collisions)

« Common variables:
» Number of e: 100000.
» Chamber radius: 5 cm.
» Static field: By = 0.0875T, B,,qr =5T,
Bfinpr, = 4.89T
» IC: electrons inside a cylinder, random energy

in given range, electrons must survive at least
10% of tSGA'

e External fields:

» Static B, pulsed B, induced E: 2D
axisymmetric field map (Poisson Superfish,
COMSOL).

» Microwave: analytical TE111 mode @ 2.45
GHz.
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Monte Carlo simulations — Full electron population

t=0.0ps t=0.0pus
600-
0.225
500
] 0.200
| T D.04 £ 4001
T 3_0% 0175 B
e .00 > . 3001
- 0.150 % *
= —+0.02 = 200
0.04 10.125
100-
04 -0.100 )
0 Gé\ 0 1000 2000 3000 4000 5000 6000 7000
- r0.075 T [keV]

* Electrons trapped in GA (=70%): bunch with
approximately gaussian shape in energy continuously
increasing its energy.

* Electrons not trapped in GA (=30%): mostly located
in the centre of the cavity, energy slowly increasing
during compression phase.

* GA phase: rotating electron bunch with increasing
energy.

* Compression phase: electron ring that gradually
compresses and increases its energy.

* PLEIADE phase: electron cloud descending magnetic
field gradient converting L into || energy.
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Monte Carlo simulations — Parametric study

Initial conditions (IC) Simulation convergence
1250
1000] LV M pan,
5 750 .
% 500 : 1 | |
. . . . ° 1 -
250 ot oLt Time-step
0.05 0.10 0.15 0.20 0.25
 Initial velocity * Initial cylinder . NAAS
nitial ve o dt dt dt
. . .
pitch angle radius and length IC energy range limits
External fields t=0.0pus
R ERRSASS I RN N R
0.03‘ oy foa .o 0.03 A A L
002 | ' . 0.02 . A 20000 4=
0011 . 1 | to . 0.01 ) A 15000 ;
E 000 - + ! b E 0.00 § 2 H]:
> VIR Yo > A A w
oo " vy -0.01 ) I N 10000 0
-002y 4 | Yy -0.02 A : 11 A 0.2 R
003 . - 5 [ AU -0.03 A A 2000 0.00 0.0
004, = = 7 1/ S S U NN —0.04 i 4 T T T T 1 4 i 0.02 \&’\ ___________________________
-0.04 -0.02 0.00 0.02 0.04 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0 X [m] 0.04 —-0.2 w .
x[ml z[m] * Pulsed coil
* Microwave intensity and cavity mode * Magnetic field growth rate length
Andrea Cernuschi - 24/03/2025 @ U G/A\ A9y 2
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Parametric study — Microwave intensity

base: Epr = 1 kV /cm
Ehf_3: E,r =3 kV/cm

Microwave intensity
Ehf_01: £, = 0.1 kV/cm
Ehf_025: Ej,r = 0.25 kV /cm
Ehf_05: £, = 0.5 kV /cm

16001
14001
1200
.2 1000
800

# of particles

600 1
400
200

bt
i 0 T
i IW J‘UH\'lH‘

| I K
bt 1 .

P 1T
A TR
! \
e I\IH‘ v

\ t
\ H
Y A\ +
I‘I\"‘\,“‘ . | L i
; v ‘1{;1‘"“"““

base_conf
base_conf
[ EhfO1
----- Ehf 01
Ehf_025
Ehf_025
hy 1 Ehf 05

m
>
1
o
wu

05300 7400

7500 7600 7700
T [keV]

7800 7900 8000

Simul. %conf. %trap.SGA TO [keV] o [keV]
ft Eyr leads to lower confinement, better trapping and Ehf 01 83.55% 0.68% 7606 25
larger energy spread. o o
» If Eyp is too high (Ehf_3), drastic reduction in ERf_025 79.13% 27.46% 7606 30
confinement also lowers trapping. Ehf_05 84.00% 68.45% 7604 49
» Same findings as Kube PIC simulation. base 76.89% 71.81% 7608 85
Ehf 3 23.44% 19.81% 7625 416
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Conclusions and perspectives

Conclusions
ECRIPAC great promises and lack of literature motivates further studies.

Complexity of the system requires a study in successive steps

v" Theoretical study: highlighted accelerator limitations and influence of ECRIPAC Paper rea-dy to be
parameters. Reversed pulsed field coil feasible with current technology. submitted

v' Monte Carlo simulation: properly simulates electron behaviour inside
ECRIPAC. Allowed to study effect of several parameters on electron behaviour.
» Fixed geometry and external fields for particle-in-cell (PIC) simulation.

Results will be
presented at
conferences this year

Perspectives
* Choose/Write/Adapt PIC code and its settings for full-scale simulation.
» Considerations for PIC code: 3D is required, EM can be
advantageous, allow use of external fields.
> Best candidate at the moment is SMILEI (open source EM 3D PIC).

N Université
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GA phase: limitations

Previous results obtained for single electron approximation.

» Plasma: behaviour is NOT clear, need PIC simulation

» Pure electron population: collective and external fields sufficiently low.

eE E

gO p— pr—
MeCWyp  CBrg

Main limitations

«B(t)/B0 and magnetic
mirror trap.

— 12
* Acceleration stability N < Npax = 2.230-10°° - Agg when go <1
N < N, = 5.648 - 102 -1 when g, > 1

* (Collective fields: limitations on numbers of electrons.

e Synchrotron radiation

* (Collective effects could
2

limit number of electron Winje
1+ 2.533- '
accelerated.

JP <R<1+0.462

Yo
3
h 9o cric = 1.895 - ngj’e

. o [
limits Vinax- * Mirror field: limitations on mirror ratio. , | gz W

Golovanivsky (1982), IEEE Transactions on Plasma Science
INTEC rx@n;
| r‘
2 A
3 | |
g UNEEFECTIVE
0 , INTECTION
| !
0 ;bLT ((l?" 0
llf.'n}

Golovanivsky (1982), IEEE Transactions on Plasma Science
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ECRIPAC: Approximative working parameters

. 1m 2?7 Timescales

* GA phase (rron) = 10-100 ps 2?77
 Compression phase rorr) = 1 ms
* PLEIADE phase (rrorr) = 1-10 ns

oS
7

/N
YV

10 cm
Magnetic fields
¥ & * NbTi magnets + pulsed Cu coil
ECR XKL _z * Peak field =5 T ???
/ e Final field=2.5T???

Mwave injector
bobines pléiade * Frequency =2.45 GHz ???
* Power =30 kW

* Mode =TEO11 ???

cavite HF

bobines miroir statique

bobines d’expulsion

2*64 bobines pulsees Plasma parameters
Bertrand (1993), Accélérateur ECRIPAC. aspects théoriques et numériques * EleCt ron denSIty = 1010 Cm-3 ???
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Existing ECRIPAC numerical studies

Bertrand (1992, EPAC 92 - Third European Particle Accelerator Conference)
 Time dependent Vlasov equations solver in 6D phase space (with and without gyrokinetic approach).
* Not self-consistent simulation: Each phase simulated individually with IC obtained from theory.

Umnov et al. (2004), Kube et al. (2005), Kube thesis (2007)
e 1D electrostatic (ES) PIC simulation and 3D electromagnetic (EM) PIC simulation of a proton plasma.
* Most valuable source for information/validation, but still incomplete:
» Dubious PIC settings: coarse spatial and temporal grid (CFL condition not respected).
» GYRAC-HF and GYRAC-compression do not use ECRIPAC settings.
» PLEIADE is not self-consistent: theoretical IC and analytical fields.

Need for a new and accurate self-consistent simulation of ECRIPAC!
« Study in successive steps: Theoretical study. 2 MC simulation of electrons. = Full PIC simulation.

—
Andrea Cernuschi — 11/02/2025 kﬁsg U G/A\ @ 32
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Kube thesis - Overview

Context
* Work developed between 2005 and 2007 in Russia.
* Results presented only in Russian conferences and
Russian journals.
e Simulations on personal computer.

* Unknown programming language.

» Best CPU (2005-2007): dual/quad core, 2.5/3 GHz.

Thesis structure
1. Synchrotron Gyromagnetic Autoresonance (SGA)
simulations.
2. Plasma compression.
Collective acceleration of protons (1D ES PIC).
4. Collective acceleration of protons (3D EM PIC).

w

Interesting notions from literature (experimental result)
dB . ..
- 1 i better trapping in magnetic mirror.

* Direct pulse configuration leads to higher capture into
SGA compared with reverse pulse configuration.

3 —— Direct pulse configuration —
Reverse pulse configuration

—40 -20 0 20 40
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Kube thesis - SGA

3D electrostatic PIC code
* Populations: 10° macroparticles per species (e- relativistic, i* non-relativistic).
* Spatial grid: dx = 3.12 mm or 1.56 mm (Ap nqx = 0.1 mm).
« Temporal grid: dt = % (1.63 ps @ 2.45 GHz).

* External fields: magnetic fields with field maps (?), microwave with TE111 analytical formulation.
e IC: homogeneous plasma inside cylinder (dynamically injected or statically generated).

Results
» Effect of IC: No significant effect = Static one for lower computational cost.

* Effect of cylinder radius: { rro (< 1) = 1 lon losses.
Lar
» Effect of plasma: pure electron beam has much higher losses than full plasma.

» Effect of HF wave: {1 E;z = More e trapped in SGA, broader energy spectrum.
 Effect of mirror ratio: f R =2 {I n, (shorter e bounces), more e trapped in magnetic mirror (?).

* Magnetic field increase rate (constant propagation time): 1 % 2> T W, (ﬁ Bfmal), more e trapped in magnetic
mirror and in SGA, Tt W;, after optimal value I ion losses.

(?): settings not specified, hence supposed as most
probable approach.




Kube thesis — SGA simulations - Settings

+* Populations:

3D electrostatic (ES) PIC

+* PIC settings:

Electrons e
» Relativistic. ,
> N, = 10° macroparticles. * Particles at wall are lost.
lons i*

» Hor Ar plasma.
» Unmagnetized and non-relativistic.
» Singly-charged.

Spatial grid (10 x 10 x 10 cm)
» 32x32x32(dx = 3.12 mm).
> 64x64x64(dx =1.56 mm).
Temporal grid

. T
> N; = 105 macroparticles. > Timestep : dt = % (1.63 ps @ 2.45 GHz).

External fields and other settings
Magnetic fields: field maps (?).

» Pulsed coil increases linearly

with time.

Microwave: TE111 analytical
formulation (Bessel @ 1%t order).
All other parameters as
experimental design.

Initial conditions: homogeneous
plasma inside cylinder (r = 1)

1%t condition: dynamic 2"d condition: static
e Cylinder axially injected e Cylinder@t =0.

at low speed. * Monoenergetic electrons
* Injection time according with random velocity

2 direction.

Bmax(o) — 3
to — B, - 1+ 1.89g,. W = 0.

(?): settings not specified, hence supposed as most

probable approach.

e W,=1-10¢V
e n,=5-10°-5-101"%cm™3
* 1,=04—-3cm
KV
® EHF=05_3%

*  Mirror ratio: R = 1.04 and 1.1

Input settings




Kube thesis — SGA simulations - Results

Effects of initial
condition

* Dynamic vs static IC 2 No difference! Use static condition to reduce computational cost.

> 0 —
TLar
> 2
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» Effect of cylinder radiusr (1) ry = 0.5 cm, 2) ry = 2.5cm)
2 (< 1) 2 Complete charge separation = ﬂ Zpt (> 1) - 1 lon losses.

(> 1) = Weak charge separation > E—pl (< 1) -0 lon losses.
HF

0,0

» Ar gas losses stabilize much later than H gas losses.
» Pure electron beam suffer much more losses than plasma.
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Kube thesis — SGA simulations - Results

Effects of external fields

* HF wave intensity: {1 E;r = More e trapped in SGA, broader energy spectrum.

* Magnetic field rate of increase (constant propagation time):

> 1 % -> T W, (ﬁ Bfinal), more e trapped in magnetic mirror (< also on ny).

E
< If =2X ~ 1: more e trapped in SGA.
EnF

* Mirror ratio: T R = {I n, (shorter e bounces), more e trapped in magnetic mirror (?).

> 1 % 2> 1 Wi\(accelerated by E,; due to 11 rLar)}, after optimal value I ion losses.

7000

6000 SRES | AAAAAA

s000{ Enr = O'Sc_

3

40004-

N

<
3000-

2000+-

10004-

0 ey —— T T T Y
00 02 04 06 08 10 12 14

39> W, MoB
e ne =5-10°cm™3, 1, =05cm, R = 1.1
10 ex10° 2,0x10° 3,5x10"
N/N0 p AN: AN, : | : ]
0,8- 5x10° s i dB G 83,0510 b \
. 1,5x10° 1 —=13— 0]
4)(105 l 1 ' dt ns 2 8x10 ™0
0,6- 3 ] o
.y s 2 4B _ . i £ 2.0x10"
I 3x10% 4 | 1'0)(103_ dt ns 0-
a4 ' 1 2 1 B c c° 1,5x10"
21103‘|..._....‘ S S 3 d_ =6.7— .
t ns
0,2 3 5,0x10° 4 o | : 5 1,0x10
3 i H
P J 5,0x10°
0-0 T T T T T T 04 J L £ : i
o 1 2 3 4 5 6 7 00 05 10 15 20 25 30 35 40 " 0 o300 00 © 540" 0 410" 0
dB/dt. Te/ue S Woses T 0 100 200 300 400 0 1x10™ 2x10™ 3x10° 4x10™ 5x10
i .3
10,y -3 s kv e W, 3B n, cm
ne =1-10"cem™, 1 = 0.5 cm, Eyp = 270 ne=1-101°cm‘3,r0=0.56m,EHF=2k—V E=4£,T’0=0-5C7YLEHF=2k_V
cm dt ns cm
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Kube thesis — SGA simulations - Results

Further considerations

AN/N,

0

20}

10}

e Possible to control bunch parameters in wide ranges.
* After bunch formation (W > 1 MeV), its parameters change slowly with T W/,.

> n, slowly increases due to axial compression (V},,,,cn, =~ 2 cm?).
* Plasma self electric field maximum right after charge separation, reach asymptotic value of = 2 - Eyp.

ne =1-10m™3, 1o = 0.4 cm, Byp = 3=

N ; i i
01 10 1 12 13 14
Dneprus, Mos

AN

1,0

06

04}

00

1 L n
0 200 400 600

Oueprus, 3B

ne =1-10%m™3, 70 = 0.4 cm, Byp = 3

50 : l
e in:SGA |
A T+
: /
2,54
0’0_______i_ Y gt
2,51 . 4
i
|
50 ; | ;
-5,0 -2,5 0,0 25 50
Z ,cm

ne = 1-10%m™3, 170 = 0.4 cm, By = 3 (27)

g./go

3,0

251

2,0

05

0,0

1|

10k

(]

L
5000

10000 15000
t, (nepuosos CBY)

I
20000 25000

Bunch extraction (Not really of interest for the project)

. . : dB
* Radial extraction (plasma decompression): {f |E| 2 U textractions T Paeposited:

* Axial extraction (as PLEIADE): more effective than radial (I tinteraction = NS, T Nparticies),
multiple (n) bunches at same time with TE,,, cavity mode.
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Kube thesis — Plasma compression

3D electromagnetic PIC code
* Populations: 10° macroparticles per species (e- relativistic, i** relativistic).
 Spatial grid: dx = 1.56 mm or 0.78 mm (Ap nqx = 0.1 mm).
* Temporal grid: dt = Z—’;g (1.63 ps @ 2.45 GHz) (?).
* External fields: magnetic fields with field maps (?), microwave with TE111 analytical formulation (?).
* IC: new simulations or results from previous phase.

Results
 Effect of SGA time (fixed pulsed rise time): I t5;4 (ll tcomp) - 1t W,, § plasma compression.
* No electron losses during compression, for {} 7y no ions losses.
* Magnetic field increase rate: 3 upper critical upper value for dB/dt (< IC, 20 G/ns in thesis) over which plasma
disintegrate and SGA/compression don’t take place.

(?): settings not specified, hence supposed equal to
previous step or most probable approach.




Kube thesis — Plasma compression - Settings

+* Populations:
Electrons e
> Relativistic. . .
> N, = 10° macroparticles (?). . < PIC settings:
lons i * Particles at wall are lost.

» Hor Ar plasma (?).

» Magnetized and Relativistic.

» Singly-charged (?).

> N; = 10° macroparticles (?).

> 64x64x64(dx =1.56 mm)

Temporal grid

Spatial grid (10 x 10 x 10 cm)

> 128 x 128 x 128 (dx = 0.78 mm).

3D electromagnetic (EM) PIC ¢ External fields and other settings

* Magnetic fields: field maps (?).
» Pulsed coil increases linearly
with time (?).
* Microwave: TE111 analytical
formulation (Bessel @ 15t order).
e All other parameters as
experimental design (?).

> Timestep : dt = -2E (1.63 ps @ 2.45 GHz) (?).

250
(?): settings not specified, hence supposed equal to )
: Input settings
previous step or most probable approach.
e W,=10elV
s W;=1elV
Initial conditions: homogeneous plasma e n,=5-10°-5-10""cm™3
inside cylinder (r = ry). © 1,=04—-25cm
* Simulate once again with previous IC. . [ —okv
' i HF = ¢ _—
* Use directly previous results. cm
* tsga=1—4us




Kube thesis — Plasma compression - Results

2000

1500

** Fixed pulsed field rise time t,,,;.

> 0 tsga (8 teomp) > T W, § plasma compression.
> L teomp (T tsga) 28 W, T plasma compression.

Optimal SGA up to

W, = 250 — 500 keV.

tsga = 1 us
tsga = 2 s
tsga = 4 us

10004----

Average electron energy, keV

5004~

T
0 10000

hf cycles

T
20000 30000

s> Effect of cylinder radius 1y during compression.

c Uro(=05cm->ngpin=n, 4, Wesin =W, -6)
» Electron bunch morphs into a half-ring [a) B = 8k(]
and later into a disk [b) B = 12kG].

> No ions and electron losses.

» During compression, e energy spectrum broaden.

« Tro(=125cm - ng sy
> No electron losses.

=N - 5)

» Axial compression more significant than radial

one.

» Inhomogeneous n, and n; = Max in the

center.

ne =1-10%m™3,1r, = 0.5cm, Egp = 25—:1

Z,cm

2000 3000
W, keV

X, cm

ne = 1-10%m™3, 75 = 1.25 cm, Eyp = 2




Kube thesis — Plasma compression - Results

T 10
* Inducedfields > 0
» Electric field E;,,4 2 MAX atr = 0 (plasma chamber axis). § _ S_f 157
. L . . g . —Single 404
» Magnetic field B;,,; = Opposite to main field generated by coils. 1 alectronic | s
“4{f-i component- 20{ b —
0 20 40 0 80 M 2 0 2 5
E, kViem z-component Z,ecm plasma chamber axis
10 1,0

« > 1 simulation

* 3 critical upper value for dB/dt (< 1C)
» E;,4 too strong: electron disintegrate into separate bunch, loss of
axisimmetry and compression phenomena.

'L SR N SO RO B
» Energy: W, =5 — 8 MeV/ (almost fully transversal), W; < 100 eV ;
> Density: n, =5-101° —5.10 em™3.
» Charge: e losses < i* losses = Plasma negatively charged (< 10%). S
dB
E >




Kube thesis — Proton acceleration (1D ES PIC)

1D electrostatic PIC code
* Populations: 25000 macroparticles per species (e relativistic, p* non-relativistic), 400 macroparticles per cell.
 Spatial grid: dx = 0.5 mm (Ap a0 = 0.1 mm).

* Temporal grid: dt = Z—’;g (1.63 ps @ 2.45 GHz) (?).

* I n,dueto {174 when moving towards § B taken into account in charge density calculations.
e External fields: Linear or exponential field profile with analytical formulation (?).
* |IC: Gaussian spatial distribution of e~ and p* for disk-shaped plasma (?).

Results

« J Z—Izg = no charge separation (n, = n; everywhere), T N, accelerated, § W;.

dB
&
e {I - — plasma disintegration (04 N, < 1%), {1t W;.

 More compact acceleration with exponential profile and same parameters compared to linear profile.

— charge separation with n, ~ n; central region (10-12 cm), I N, accelerated, Tt W;.

(?): settings not specified, hence supposed equal to
previous step or most probable approach.




Kube thesis — Proton acceleration (1D ES PIC) - Settings

+* Populations:
» Particles per cell = 400.
Electrons e
Relativistic.
N, = 25000 macroparticles.
Protons p*
» Unmagnetized and non-relativistic.

* PIC settings:

> e Particles at wall are lost.

> Spatial grid (300 cm)

» 6000 (dx = 0.5 mm).
Temporal grid

1D electrostatic (ES) PIC
(due to axial size << radial size)

s External fields and other settings
* Magnetic fields: analytical
formulation (?).
» Linear or exponential profile.

> B, =218706, L =5_60Z
dz cm

« IUn,dueto {14 when moving

» N, < 25000 macroparticles. _ Typ towards { B taken into account in
No—N » Timestep : dt = —— : :
o ¥ =--"2.100 < 100% 250 charge density calculations.
Ne — (1.63 ps @ 2.45 GHz) (?).

(?): settings not specified, hence supposed equal to
previous step or most probable approach.

Initial conditions: hypothesis from previous
calculations
e Gaussian spatial distribution of e and p*.
* Disk-shaped plasma (?).

Values used for specific simulation.

Input settings
We =Wy, (=12 Mel)
Wi - 0
n,=5-101-5-101em=3 (?) (=1-10"* ecm™3)
¥ =5—-—80%
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Kube thesis — Proton acceleration (1D ES PIC)

Z,cM
ne =1-10"1 cm™3, W, = 12 MeV

120 ; y 200 : ;
¢ Linear profile all b T i 5 L_2%L
ield: = | N\ 360 . : -
* Induced field: E;;,; yax = 108 kV /cm T Bl ladind : 3
° Magnetic field gradient: % so el SN s 2 . 2
B | S 2 0] b %
> U - - no charge separation (n, = n; everywhere), : il £
ﬁ Np accelerated, @ Wl (@ Elnd)- - T T ] 1 s 200 2;5 300 305
dB . . . Zoow 9B _ y5 G Zem
> ~ < —> charge separation with n, = n; central region VT o ——
. 1,25x10* .:i 1. d_i = %
(10-12 c¢cm), 8 N, accelerated (20%), T W; (16 MeV with L = 3 m). P i, a:_Bz e
S 1000101 -5oee i z cm
dB . . . , .8 P
» {1 — = plasma disintegration (00 N, < 1%), {1t W;. Forall pictures: & 7gqp] i #_ T
dz P e =1-10"cm™3, 3 ol L 2 4 @z em
* More results on paper: W, = 12 Mev R I A
_ 2 50010 - Lo fe i oo enedineendnnd 3.“
» n=3-10"%cm™>, W, = 10 MeV, By = 1.75T, R \TLEE S
VB=100G/cm, y =80%, L =100cm - W; =200 MeV T ey R
150 8000
¢ Exponential profile ol
* More compact acceleration with same parameters compared to linear é"" 2
profile. s S
T B rssnpsacs <
» L=300cm, 18% N, accelerated, W; = 15 MeV, narrower energy 200,
spectra. oo s OO Do e 0 s S
275 280 285 290 295 300 305 310 315 0 5 10 15 20

W, MaB
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Kube thesis — Proton acceleration (3D EM PIC)

3D electromagnetic PIC code
* Populations: 100000 macroparticles per species (e relativistic, p* non-relativistic).
* Spatial grid: dx = 2.84 or 1.42 mm (Ap ;pax = 0.1 mm).

« Temporal grid: dt = % (1.63 ps @ 2.45 GHz) (?).

2
* External fields: analytical formulation (?) with 375 > 0.
* |IC: Gaussian spatial distribution (?) of e and p* for disk-shaped plasma (?).

Results

e 3 optlmal (d ) for given IC.
opt

> — > ( ) : 80 N, (shaking-off: charge separation is too fast), W; < W ;.
dz/ opt ’
dB

> _<(dz

* Energy lower than theoretical calculations.
* More stable than relativistic e  rings.

)Opt. T N, 8 W; (plasma remains too compact).

(?): settings not specified, hence supposed equal to
previous step or most probable approach.




Kube thesis — Proton acceleration (3D EM PIC) - Settings

¢ Populations:Electrons e 3D electromagnetic (EM) PIC
» Relativistic.
» N, = 100000 macroparticles. ¢ External fields and other settings
Protons p* * PIC settings: « Magnetic fields: analytical

> Magnetized and non-relativistic. * Particles at wall are lost. formulation (?).
> N, < 100000 macroparticles. Spatial grid (5 x 5 x 100 cm) d’B dB _ o .G

P Ne—N, > 32x32x352 (dx = 2.84 mm). TR Ul s

o Y= -100 < 100%

Ne » 64x64x704 (dx = 1.42 mm).
> Timestep : dt = % (1.63 ps @ 2.45 GHz) (?).

(?): settings not specified, hence supposed equal to Values used for specific simulation.
previous step or most probable approach.
Input settings
Initial conditions: hypothesis from previous * <Wpz8MeV (=W,7?)
calculations (?) s Wi=0() . » ;
* Gaussian spatial distribution of e~ and p* (?). * Ne=5-10"—=5-10""cm™ (?)
e dz=0.75cm
« Disk-shaped (r, dz) plasma (?). « r=25cm
e ¥y=10% o




Kube thesis — Proton acceleration (3D EM PIC) - Results

. . Ne =5-10 cm=3 ne =5-10° cm™3
General considerations S
. . : 44
* Axial separation of charges ‘W ) |
. 245 % 2+
(partial/almost total) leads to p* | o
acceleration by induced field Ej; 4. § Opf T lons Il electrons 88— b T T T T
2 1 s > 2
> Not captured p* (=<85-90%) are 241 2] |
scattered at wall. 4 4
* Energy lower than theoretical 0 70 40 60 &0 160 o 2 4 60 8 100 65 70 75 8
. . Z,cm Z.cm Z,cm
calculations (5 MeVwithL=1m @
. 16— o
given IC). 2 v 80y NG
* More stable than relativistic e rings. 2,01 , | 70 N
v H H H - '
. . . S 104 ceeeean 2 1 o 604-
Effect of magnetic field gradient s & . ' - % wl-
™ —-_— E
. E: 4 = g 40--
* 3 optimal ( ) for given IC. ane < PN\ § .l
dB dB : | i
e ( ) : 88 N, (shaking-off: charge 1PN Y 2 1 0 SO W
dz/ opt i 1600 3200 4800 64| 5 : : : 0 ——
L ) S S R S 5 2 40 e 8 1m0
separatlon is too fast), W; < W gy . VZVS“"l‘(; = 0 M 4 @ 8 10 48,/ dz
dB ’ _ oo _ 1. n,=1-10"cm™3, dz = 0.75 cm,
* w<(%), 0N, BW(plasma LS dCesen L e g 7"
z Opt 2 n =.1,10'1zecm—3 dz = 0.5 cm 2 n,=1-102cm™3, dz=05cm,
r=10cmW,() =12 MeV r=15cm W(?) =16 MeV

remains too compact).
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Kube thesis — Outcome and problems

Interesting outcome

ECRIPAC seems to work!
15t Phase: SGA

Plasma leads to much better trapping than pure
electron beam.
Settings for improving SGA: {f ry, U A (probably {
A/Q ratio). 2 Same as my theoretical study!
Parameters to tune: Eyr, dB/dt.

2"d Phase: Plasma compression
Minimize t¢;,4 to obtain correct W, to improve
compression.

Attention to critical value of dB/dLt.

3 Phase: PLEIADE
Tune dB/dz to optimal value.
Choose correct field profile.

Problems
Results are not reproducible: missing information,
especially for IC and field configuration.
Doubt on grid precision: dx,,;q > Ap
» SGA/compression: dx ;4 min = 0.78 mm,
Ap max = 0.1 mm.
» PLEIADE: dxgrig min = 0.5 mm, Ap gy =
0.1 mm.
Doubt on timestep precision: dt = 1.6 ps, CFL
condition (3D, dx = Ap max) = 0.2 ps
Necessity for 3D PIC: not axisymmetric rotating
bunch in SGA.
Not self-consistent: PLEIADE phase starts from
hypothesis and not previous simulations’ data.
Unphysical assumptions: how can you generate 12
MeV electrons with 2.1 T maximum fields?




Parameter space: n,

=35.00%N¢/it Ne=60.00%"Ncie
[OMeV/nucIeon W;/A [Me /nucleon
200. d 0100.0 50 200.0'150.0 100.0 50.
1.5 1.5 15g
1.4 1.4 1.4
50 7 50 =
£1.3 20 E 13 20 E £1.3
> 3.0 &> 3.0 &>
£ £ 1S
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> > >
f £ £
x1.2 0 é x1.2 5 § x1.2
1:1 1.1 11
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Biin [T] Biin [T] Biin [T]

Minimum /p, [m]

T n,:

8 Possible problem near critical density n,,.?

#= { Stability region surface (stability at § Bs;, and Tt W; /A)

Andrea Cernuschi - 11/02/2025 @5 He& SN
280

GRENOBLE | MODANE Grenoble Alpes
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Parameter space: Tdisk,0

N.B.: Tcaqvity = Tdisk,0 T TLar,GA-

/A N
W, Wi/A [MeV/nu
200.0'1 200.0'150.0 100.
1.5 500 1.5 500 1.5 he
40.0 40.0 I [t
30.0 30.0 I
20.0 20,0 [
1.4 1.4 14 ?
10.0 10.0 [ 8]
{ “ g‘l
50 = 50 = [ =
.§1.3 4.0 E .§1.3 4.0 §. .§1.3 [ .§.
= 3.0 8= 3.0 &= [ [ =&
€ £ € =S8
3 20 58 20 5§38 I =
1 Eu Eu - £
x £ x £ x | I £
1.2 Lo 5712 o £%12 /] £
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1.1 g'g 1.1 1.1
0.2
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ﬁ rdlSk,O'

o= 1 Stability region surface (stability at § Br;, and T W; /A due to © N,).
& 1 Cavity dimensions = Technological complications.

Andrea Cernuschi — 11/02/2025
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Université
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Parameter space: t,y;

1.4
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—
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2= O t;4 (same yy;,, required to accelerate ions).
8 Risk to not respect adiabatic hypothesis.
* N.B.: no significant effect, affects only t;,4.
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Parameter space: B, 4+
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5.0 A / ;;‘ .‘J
300.0 40 = £1.3 [T
3.0 “E-f“}: o | [ [
£ 5 ¥
20 3 & [ f /
£ /T
Ex [
5 1.2 [ I‘Iﬁ
!
&
Y
1.1
1.0 3

| 1280.0

260.0

240.0

220.0

200.0

toa [us]

50.0
40.0

30.0
20.0

10.0

5.0
4.0

3.0
2.0

1.0

0.5
0.4

0.3
0.2

0.1

Minimum /p [M]

'+ i) Wl/A and J tGA'
[k 1 Stability region surface.
& Shift stability region to ' Br;, 2 Technological complications.

T Bmax:
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Parameter space: fyr

f.r=2.45 GHz fr=4.72 GHz f,.,F 7.00 GHz
A e / W;/A [MeV/nucleon A [MeV/nucl eon{)
200d1 0.01 200615001000 50. 2ood1 0.0100.0 5
5 : 5 — 4 50.0 5
1.4 1.4 1.4
| = 50 =
£1.3 £ £1.3 20 £ £13
= [l 2> 30 22
£ [ £ 1S
S L € s £ S
N L =B 20 52
I g E E
x1.2 H . £x12 . £x1.2
1.1 1.1 1.1
1.0 3 i 1.0 3 1.0 3
Bfin [T] Bﬂn [T]

150.0
140.0

130.0
20.0

Minimum /p, [m]

T fur:

8 ©t;, (because Tt Bgop).

3¢ { Stability region surface (stability at § Bfin and § W;/A)

8 I1fYea > Vecom it can § Stability region surface.

Andrea Cernuschi - 11/02/2025 @ U C/\

Umversnté
GRENOBLE | MODANE Grenoble Alpes

oy

54



Magnetic field at end of PLEIADE

. 00,0 O.OWi/A[MeV/nuilgg_r(‘)] - y=1.20y/im, A/Q=2.00, frRr=2.45 GHz, B;,.x=5.00 T,
‘3‘8-8 T/4=1.00 ms, rgisk, 0=2.00 cm, dZgisk, 0=4.00 cmM, N;+=10.00%
340.0 : W/A [MeV]
Lal i 100.0 50.0
320.0 10.0 50
S 300.0 e E 401
ts :?1 3.0 Ei‘
. . o E — 30
v 280.0 < o E £
x 1.2 £ —
1.0 = £ 20_
260.0
0.5
1.11 8; 10
240.0 0.2 0_
14 - 4.0 4.5 5.0
> >0 > Bifin [T] Bﬁn [T]

U'Bfin:
* ﬂW,/A
* ﬂlpL
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Electron energy at end of GYRAC - Compression

o0 150, ViR MeVinucleon] Bfin=4.50 T, A/Q=2.00, frr=2.45 GHZ, Bmax=5.00 T,
15 — : : s00 T/4=1.00 ms, rygjsk,0=2.00 cm, dZgisk, 0=4.00 cm, N¢i+=10.00%
40,0 30.0 tevrac — Hr [HS]
- . 40.0 60.0 80.0
1.4 25.0
320.0
51-3‘ 300.0 E_‘ 2257
k g E = 20.0
0 280.0% E .E.
x 1.2 = -:d 175_
260.0
11 15.01
240.0
12.5{ 7 | | | |
Lok - — . . 1.1 12 13 14 15
Bfin [T] X = Y/Yiim
Tye:
8 Ttgy
x ﬁ lPL
* N.B.: more a requirement than a parameter. Best is lowest value which allows stability
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ECRIPAC parameters effects

*WP: Wave-plasma interaction

Parameter  Parameter behaviour Advantages

Disadvantages

® ﬁ WL/A
B,ax ] * Jtga
tpul 4 e I tca
fur ir « Ulip,
Bfin 4 e { WL/A
A/Z J e Ulp;
* Ute_pyr
n, T « Jlpg
T'disk,0 ir « Ulip,

* 1 Bfin required

* Weaker adiabatic hypothesis

* Can I stability region

*  WP* problems near n,

ir rcavity

ECRIPAC suited to accelerate highly-charged ions using a dense plasma.
» External fields must be tuned according to accelerator applications.
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* External water cooling (EC)

['Q
»
—

Pulsed coil design

Basic geometry

N
tcoiI ]:

1mmI

<>
1 mm

out,coil

* Internal water cooling (IC) A

sfe]s[e]o[o]s <IN g

N
Vv

L

coil

Furter details:
* Uniform epoxy thickness
e Conductor volume correction

\ %

(O Water channel
B Conductor

[ ] Epoxy impregnation

58
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Preliminary pulsed coil design

Design coil Hp:
Internal water cooling, copper windings.
Uniform epoxy thickness.

Inputs: nnn

* r-in,coil * I:)p,HZO Fi col 1
* nIayer * Bmax ---------------- el R RGORETEEEE L EEE R LR PP R
* |\Iwinding * ngh VOItage (HV) ' tepoxy
* e * Qo Miayer v nn _'ia
* Tepoyy
Requirements: : nnnnn
* i =2ms (2-tpy) * J ATy, <30°C > unnn
e JC<1mF e IW, . N uuuuu
APy, < 15 bar * { Opgop < Oycy=33.3 MPa - nnnnnnnn

Andrea Cernuschi - 11/02/2025 @C} He&/} @ 59
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: : Requirements:
Possible pulsed coil prototype . 1. -a0ams
 C=092mF
Inputs: * APy,,=13.08 bar
* Tincoil =9 CM * I =4 mm B, ,=491T * ATy, =2.99°C
* Niyer=7 * teoy=05mm + HV=10kV ¢ W, =3.03K
*  Nyinding = 59 * Dpo=2mm ¢ Quo=0.41/min * U 0Opoop =29.9 MPa< o,
T ~ — RLC analytical solution
z g 3.0 |, § —— T depent solution
2000 " Ead P u Cu yield strength
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Pulsed generator system (draft)

-

/

4 I
HV POWER
SUPPLY
CAPACITOR
CHARGER \_ J

Capacitor

bank

'I
@]

Fast switch
\With trigger /

?

Add diode???

Coil
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3D Monte Carlo PT code — IC (for [3-5])

Position Energy
* Satisfying 0.98 - Bgcp < B < 1.02 - Bgcp * @Gaussian distribution around hydrogen
inside centered sphere of radius 2.8 cm. ionization potential (6 = 0.1 - I, ).
> Alternative approach: consider only T distribution
particles which remain confined for 10 s in 000,

the starting mirror trap

800+

600+

# particles

> B (0, 0) < By > B(0,0) > By

400

0.018 200 1
0.016
0 t T T T T T T
_ 0.008 0.010 0.012 0.014 0.016 0.018 0.020
0.014 3 T [keV]
2
—
0.012
0.010 "
v
£ 2001 ] ]
0.008 E
o
-
2 0
* -2 0 2 -2 0 2 -2 0 2
yvx [m/s] le6 yvy [m/s] le6 yvz [m/s] le6
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3D Monte Carlo PT code — E and B field modeling (for [3-5])

E field XY plane, z=0.0 m E field YZ plane, x = 0.0 m
I R T 2 B I L M A l l l } v
TN T A S T A A A R T
. ; . VA / /% T | [ eoooo v | | oY
* TE111 mode: analytical formulation \ ; v P
(both E and B fields). z ! A E oz X i i :
> fur=2.45GHz, R, ;,, = 4.315cm, o : ' t i '
LcaVity = 11 Cm, EHF = 1 kV/Cm : ;o VN _ L {7
IR R ry b
D S N N Y . S ',11,*1+‘1+"
— -0.02 KO.[(:E] 0.02 0.04 —0.02 0.[':] 0.02 0.04

OOOOO

00000

 Static field coils: field maps
through Poisson Superfish.
» Rfrom4.82cmto 8.32 cm,
zfromtb6cmto+7.5cm
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3D Monte Carlo PT code — E and B field modeling (for [3-5])

Pulsed field coils (B + induced E)
* Field maps in frequency domain from CST studio or COMSOL.
e Rfrom6.18cmto7.23cm, zfrom+3.28cmto+4.12 cm.
e Sinusoidal increase.
e Linear decrease.

Sinusoidal increase i
*  Byuisedmax @t COMmutation angle ¢, =t/3 PN

* Risetime t, q =4 Bs: fyseq = 41.67 kHz,
Bn/z =2- Bpulsed,max/\/§

»u ¥

- % W3

4 2
> u Y UFAF > 9

vvvvvvv

=P

aaﬂ » - & NP

v+ 2 $08

«««««««

.................

[
*$$4wﬁ¢++%$ﬁaawq
=5 = =p Do P =P =P =p PP P < 5 =
> > pppppapuddded D P > ]
B e e e e
P> D epppppDPpppd > >
= b b P p =P =p Db =pd P oD b
P =p =P puprp =p = =p =P =hup P =p > =
-> —v»»:»-b-»-v»-»%»»» =
444" DR = b HEEAN B S

AR AN
P F X

\"s-i

co000°

je@@®®
YTy
4 -

@
®
L

o @
®
®
@

20000080 o

£

[ X X X )
[T XX
[ XX R

(T XX XX X )
000080
Y Y Y Y

I
L
® e 0

Linear increase
* B:linear interpolation between B, ;.4 max Map and null field.
* E: Field maps in frequency domain of corresponding sinusoidal decrease

for small time values (sin(x) = x, cos(x) = 1) - f,;eq = 62.5 kHz,

BTL’/Z =2 Bpulsed,max/ﬂ

B [G]

400

—— Sinusoidal increase
—— Linear decrease
—— Corresponding sinusoidal decrease

0

1

2

3

4 5 6 7 8
t[us]

UCA

Université
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Available literature: GYRAC numerical simulations

magnetic mirror trap [1,2]. = Used for preliminary validation.

e Orozco team (Colombia) — MC PT code in SEA, both spatially homogeneous magnetic field and

experimental results. > Most complete results for main comparison.

» Basic GYRAC (BG) setup [3-5]

-ray camera, LA ator,
@ A @ P tor Microwave camera Coils of pulsed
_.l % power input @ magnetic field
3
'
arge

Injector

Microwave
input

0 )|

* Andreev team (Russia) — ES PIC code, magnetic mirror trap (GA + Decompression), comparison with

» Long mirror (LM) setup [6-12]

Coils of the stationary
magnetic field

——— 7
E

Vacuum
pumping

@ Multigrid
analyzer
Vacuum

[
[ H pumping

DO

I Profile of the stationary

Z,cm

| Bz, G :
| 1600 - ' magnetic field
2 M
=  Co-current - N
: “ | #1000k % | SECR
pulsed coils ol g
= Counter- : 600 - :
400 -
current
r. mm | d I I 202 | !
| 1 | 1 I | | ) |
pulsed cotls —45 =35 =25 —15 =5 5 I5 25 35 45

Université
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Andreev team (LM) — Paper [6-12]

Numerical and experimental results for processes in
common with ECRIPAC not present in previous paper
» Physical insights and possible material for code

validation

Vacuum
pumping

* Injection of external electron beam inside
resonant cavity

* Current in pulsed coils in opposite direction with
respect to main coils

Injector

Coils of pulsed
magnetic field

Microwave

input Coils of the stationary

magnetic field

Vacuum

RN H .
[ 5 pumping

I L1

AN
I
1

o

@ Multigrid
analyzer

Profile of the stationary
magnetic field

* Experimental observations of ion energy mcrease} T A
due to PLEIADE effect 7 Tooser Y
* Further phenomena: electron bunches merging, ol
TE118 cavity mode ... 5o hsis 29 s sty s 4
Z,cm
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v' Good agreement

MC code validation summary X Srmall discrepancies

Otero team — Paper [1,2]

+» Limitations and problems

* [1]: Wrong reported
implementation for TEO11.

* [2]: Unreliable data =
Impossible to reproduce results.

¢ Validation
[1] Single particle: Comparison of y, and 774, for # a.
[1] Electron cloud: Final y, distribution, Trapping efficiency and
deconfinement.
[2] Comparison with Golovanivski analytical (same approach): Good
agreement with plane wave HF, Premature de-trapping with TE,,, HF.

Andreev team — Paper [3-5]

+ Limitations and problems
* No data for magnetic field
distribution.
* Unclear initial condition.
* Electrostatic interactions (PIC).

¢ Validation
Electron behaviour: y, and 17 ,,- evolution, W, , accumulation, Electron
de-trapping, Electron cloud distribution.
Deconfinement spectrum: GA and decompression deconfinement
peaks, (I/,) loss spectrum.
Energy spectrum: [l I/, region (ECR electrons), {t I/, region (De-trapped
electrons), T {f I, region (Trapped electrons - Depends only on B,,,,).
Trapping efficiency: Depends on B;,, and is maximum at optimal B;,,.

More details in backup slide due to time constraints.

Andrea Cernuschi — 11/02/2025
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MC code preliminary validation: Paper [1]

b) My results

a) Paper results

Andrea Cernuschi — 11/02/2025
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* Evolution of normalized energy vs normalized B field. * Normalized energy increase at different a.
13.0 13 ”
13.0 13 a . % E b = e pul ;
a) b) ) 11.01 ) 111 — a-20-10 -
11.0 11 " — a=25:10" Pl
9.0 9 9.0 ”wn 002 004 D06 0. 9. : 2:225 l(l)(_);d I '/’//
=] £ | ////
3 7.0 ;3':‘ 7 % >~ 7.0 / > 7 ///_.
) s 51 — a=10x10"* 51 > ¥
5.0 5.0 — a—i5x104 | // ::
] / — a=20x10"* 31
— 3 = o Z 0
—— B./By 1 “Hsﬁm‘m e 1 I I 4= |
1'00 0.5 1.0 1.5 2.0 2.5 3.0 0 1 2 3 1'0() 1.0 2.0 3.0 4.0 O 1 2 3 4
tlus) t [us] t [us] t [us]
ey . . . _ -3
. . . [} — .
« Larmor radius increase at different a. R Position and energy dllostrlbutlon fora =2.75-107".
R 10
PedTe s W it
a) - b) . :
- - R S XY 7.5 1 ‘e 8
a - 1 lO . 10 4 % ": .‘r.. 4‘ . Jl?" ' .‘-. LKy R!Z ] fM‘ r‘- .‘
@=25-10" R Y i S i b3l I 2
-4 B F o . LS s 8 : 4
e T Mg et e W “ \ B LU o . *
a=3.0-10"" -5 . R © 25 RR2T "e,,__m__.-.-"" - )
Rim ) ‘ wi'’
3 4 R i 5 R TR w2 0 RI2 R
t [IJS] X X [m]
UGA -




Orozco team — Paper [1]

e Simulation: PT code in single-electron approximation, TEO11 mode at 2.45 GHz and homogeneous
magnetic field B(t) = By(1 + art).

a Data % CP % UCP % EP Tmax [MeV]
. Results: 1.0-107%  Mine  96.1 0 3.9 3.67
_ SHILS: _ Otero  95.9 0 1.1 3.64
1. Physical quantities evolution for 15-10~% Mine 57.6 0 424 5.49
electron at rest in (0, R/2, 0) for _, Otero  68.4 0 31.6 5.45
_4 3. 10~ 20-100F Mine 33.1 0 66.9 7.32
107" <a<3- Otero  48.8 0 51.2 7.7
2. Evolution of ring-like cloud of 25.-100%  Mine 19.3 0 80.7 9.15
electrons at rest in (3R/8 <r <9R/16) ™= ____ Otero 353 0 647 0.08
4 4 275-10~F Mine 7.8 333 58.0 10.07
for 107 < a < 2.75-10 Otero 123 202 585 10

CP: captured particles, UCP: not captured particles, EP: escaped particles

Problems:
* Discrepancies in electron distribution.
* Wrong analytical formulation of TEO11 mode in the paper.
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Orozco team — Paper 2]

* Simulation: PT code in single-electron approximation, TE111 mode at 2.45 GHz.

* Results:
1. Comparison of numerical solution with Golovanivski analytical solution (PDE system solved with RK-4) for
given initial condition and homogeneous magnetic field B(t) = By(1 + at?).
2. Evolution of spherical electron cloud (R = 2.28 cm, Maxwellian energy distribution around case 1 = 2 eV

and case 2 = 5 keV) inside mirror trap increasing as B(t) = By(1 + at) anda = 7 - 10™%.

* Problems: Completely unreliable data — Impossible to reproduce results.

» Initial condition of 1) are wrong.

> Coil data provided in the paper do not produce o = 7 - 10™4.
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MC code preliminary validation: Paper [2]

Unreliable data, impossible to reproduce results.
» Same validation approach: Comparison of numerical solution with Golovanivski analytical solution (PDE

system solved with RK-4) for given initial condition and homogeneous magnetic field B(t) = By(1 + at?)

* Hp: plane wave approximation
457 — Runge-Kutta 4
( l 40- Plane Waves simulation (RB)
d)/ 2 —— TE111 simulation (RB) )

< dr Yo 1- y2 cos ¢ 351 ' v Good agreement with plane

dp b—y+1 1 _ 30 waves simulation.

dr +g0(y* —1)"2sin¢p 25 v’ Early de-trapping with TE111
4T 2.0 simulation.
* NR: Not relativistic 151 _/“
* RB: Relativistic Boris algorithm 8 S S S S S

0 100 200 300 400 500 600
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Orozco team — Paper [2] validation

2b

2.2
doT

HoNR =

For given initial condition, GYRAC should not be theoretically possible:

1.53, stability for pg yg <1

NR: Not relativistic

RB: Relativistic Boris algorithm

e Paper solution
(stable, E = 0.3 kV/cm)

* Simulation solution
(NOT stable, E = 0.3 kV/cm)

e Test at stable solution
(stable , E = 3 kV/cm)

40 1.0040 - — Runge-Kutta 4. . 45+ Runge-Kutta 4
- 3:757 Lo03s ] T :I:lnflf?;ifai::nu::g?n (RB) 404 Plane Waves simulation (RB)
M —— TE111 simulation (RB) /
3701 \ 1.0030 351 /

3.0 3.65 ’
-~ 1.0025 |
3 360 560 580 600 3.01
é 2.5 > 1.0020
L 2.5 1

1.0015 4
2.0
2.0 1 7
1.00101 M
154 1.0005 - 1.51
10 - 1.0000 1.0
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Good agreement of analytical solution (plane waves approximation) and TE111 mode numerical solution
not observed in simulations.
- .~ UGA .
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Andreev team (BG) — Paper [3-5]

* Bremsstrahlung measurement. [ ——

e X-ray imaging.

e Simulation: ES PIC, TE111 mode at 2.45 GHz and magnetic mirror
trap, plasma generated inside cavity through ECR. » Pulsed field =
» Same parameters as experimental setup except pulsed field > Commutating
rise time (from = 500 ps to 5 ps). angle = /3
Experimental diagnostics: f \
Be-wind 3 Iz—f—l

Nal(T1)

GYRAC parameters study
Variation of B, (0,0): 860 G, 875 G, 900 G, 925 G, 960 G (Nom.)

* Variation of B,,: 800 G, 1000 G c1200 G

Variation of E,;: 0.8 kV/cm, 1.0 kV/cm (Nom.), 1.2 kV/cm

Problems and differences
No data for magnetic field distribution.
Unclear initial condition.

Electrostatic interactions (PIC).

UGA

Université
Grenoble Alpes
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3D MC PT code — Simu

Pulsed field time-behaviour
Frequency =41.67 KHz
Commutation angle = /3
Linear field decrease.

Simulated time constants
T = 8 US
Tgyrac =4 KS
Tecr = None ( ) — 10 ps ( )

Time-step saving (MTS only) =0.2 ps

Statistics
IFTS = 5e5 particles
MTS = 1e5 particles

Particle initial position
0.98 - Bgcp < Bog < 1.02 - Bgcr
All particles ( ) or confined for 10
s ( ) : No significant difference

ation details (for [3-5])

Configuration B, ;;;, (0,0) [G] B4 [G] E,r [kV/cm]
Nominal 960 1000 1
Bin860 860 1000 1
Bin875 875 1000 1
Bin900 900 1000 1
Bin925 925 1000 1
Bpu800 960 800 1
Bpul200 960 1200 1
Bpul500 960 1500 1
Ehf0.8 960 1000 0.8
Ehfl.2 960 1000 1.2

IFTS: initial and final time-steps. - MTS: multi time-steps.

Andrea Cernuschi — 11/02/2025
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MC code main validation: Paper [3-5]

* Bin875 configuration used for higher statistics on trapped electrons.

Particle statistics

Particle statistics

Andrea Cernuschi — 11/02/2025
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Tra pped E|ECtr0n ClOUd 40796 46796 46395 44079 4601 46796 46796 46395 44679 4601
0.05 1 : ' ' ! ' '
* Theoretical behaviour E 1) 0 2) 00 \ Theoretical value
) ] g™ ! ] } =580 keV
1) GA: { bunch dimension, {t T,- 4, : | o | )
. ’ § 0.034 : 2 300 :
2) Decompression: {f bunch £ : = . 2) - Not
. . € .02 1 200 1 i
- g | reall
d|men5|0n, B Te av: [ : Theoretical limit 100 1 : A y
. 0.01 4 | Fiar, 245 6Hz ~ 195 €M | visible
* Observed behaviour ; ; ; ; ; = | : ] L
. . [us]
a) Counter clockwise rotation of - tius)
EIeCtron ClOUd (]v) 9 Veriﬁed' c) 46?96 46?96Pal‘tiCL%;ga;iStiCS44§7g 46|01 46?96 46?96Pal‘tiCL%;ga;iStiCS44§7g 46|01
b) Only a fraction of electron trapped . 80
in GA (V4 £) = Next slides. s o
c) Accumulation of L electron energy S S w0
during GA (NV+£). . 5
100 ol
N: Numerical results. - £: Experimental results. o
0 2 4 6 8 0 2 4 6 8
tlus] tlus]
UGA B




MC code main validation: Paper [3-5]

Electron cloud distribution

t=0.0ps

Andrea Cernuschi — 11/02/2025
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. . 650
1) Trapped electrons: ring-like I oy .
. . = E o000 ]
structure during decompression. . t=bps = **if
% - ' 500
2) Non-trapped eleCtronS. mOStly L] - tradial ~3cm yom -0.02 000 002 004
1 o.ozﬁ 0.014§ ' Coxmml '
located in the center. L oo fe tym~lSem g
Electron behaviour - N g
: < » Same values - - 600
a) GA' ﬁ rbunCh’ ﬁ Te_,aV' ﬁ%} 004 as PIC £ o0 550%
3 . 0.06 _0.04 ~0.02 Q. 0, 0.02 0.04 o.010 —0.02 "
b) Decompression: T 7,yncn, & Te- o L simulations!  _,| 1
c) De-trapping during GA. Boc TR i
2) XY plane a796 40790 46303 a4e79  4col 46795 46796 w305 4a673  asol c) e
: ! ' ‘ ! ' 300 —
~ 0.05 1 Theo:retical 500 | “b
4 —_ %0.04— a) Ilmlt :rLar, 2.45 GHz 400 | i 2501 ‘\r‘ ”l mil
E § =1.95 cm < | Theoretical g 2% Ml“ D !
i g 003, %300 i value = 580 keV/ E: - i“ h
g 200 : . i 'ﬁ
_*E 0.02 : 1001 ‘I{"l r‘),
~0.0250.000 0.025 001 N b) 501 N."r‘" 1,
X [m] 0 2 a 6 8 0 2 ] 6 8 P I S ", Jl ! ! ! s 4.7V RSO
tlusl] t [us] 0.008 0.010 0.012 0.014 0.016 0.018
T [keV]
scc UCA 76




MC code main validation: Paper [3-5]

My results 4000
. . nominal).
Electron losses both in Gyromagnetic ( ) o
Autoresonance (GA) and decompression. § 2500
> Possible discrepancies: PIC, low statistics Electron yﬂ
P R : losses due to «— |
1000
|.C. and ECR <00
Andreev numerical results (nominal). ’
100 1000
80-
GA Decompression 8001
5 60 % 600
5 40 S
4001
20-
200
0
10 0 2 3 4 5 6 7 8
t [us]
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MC code main validation: Paper [3-5]

Maximum energy loss at the end of GA, decrease during decompression.
» Good agreement for peak (= 500 keV), final value differs by = 100 keV.

Andreev numerical results (nominal). My results (nominal).
600 -
600 500 S
i il
] !

3
R 1
<]
200 Decompression r’rﬂf
200 =

10 12 14 16 18 ‘

f, us 0
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MC code main validation: Paper

3-5]

Spectrum peak of trapped electrons at = 520 keV.
» Very good agreement between simulations.

A: Initial plasma electrons (due to ECR).
B: Trapped electrons at end of GA.
C: De-trapped electrons.

Andreev numerical results.
» A, Band C are spectrums at different
stages.
1000
7501
S
<]
% 500- B
C
250 A
0-
0 25 300 400 500 600
Energy, keV

My results.

1000

175000 |

15000

12500

Deconfined
800- particles

600 -

dn
T

400 -

200

10000

gk
7500
5000
2500

0

Deconfined particles
+

Confined particles

100

200 300 400 500 600
T [keV]

0 100

200 300
T [keV]

400

500 600
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MC code main validation: Paper [3-5]

Andreev experimental bremsstrahlung results.

Events
i 300 -
Electron energy only depends on amplitude of B uised: Full spectrum
1000 o
My results. ] Bpu80O wF %
Bpul200 o b8 e/ -Bpu=600G
8001 1 Bpul500 %0 42 -Bpu=800G
] Bpul00O0 (nominal) 2 e o °3 -Bpu=1000G
600 s et oo,
14000- . T8 e ST, o
£
[ &
12000 % .
10000+ = o 40 A .:.-;.L-"..a.-:.t-.-m....._ =
Energy, keV
= ‘g 8000 ] ) } I | Eyems Energy, keV
S 600 700 800 900 150 - 600 |-
W [keV]
6000+
100} 500 F
4000
50, 400 F
2000+ " %
\ . _‘I\_:-_.A,_::A:u-: \r\lfa:lfr‘ind level | ” ‘ i I |
0 | ‘ : St N 400 600 300 600 800 1000
0 200 \40_0\ 600 y Energy, keV Amplitude of the pulsed
W [kev] H |gh'energy ta|| magnetic field, G
- .~ UGA ”
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MC code main validation: Paper [3-5]

1 E,;; does not increase electron energy but leads to energy spreading.

1000

] Ehf8e4
Ehfl2ed

800 1 Ehfl0e4 (nominal)

14000 i [ ] Ehf8e4 6001
Ehfl2e4 g3
12000 ] Ehfl0e4 (nominal) 400
10000+ 2001
sz 80007 | | | | | |
200 350 400 450 500 550 600
6000+ . . W ikevl
Not really visible

4000 -

2000+ [Liu

0 100 200 300 00 500 00
W [keV]
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MC code main validation: Paper [3-5]

Andreev experimental bremsstrahlung results.
Events
Electron energy does not depends on B,,. ol Full spectrum
. . . . . %
» Trapping efficiency in GA influenced by B, ... ¢
200 F [ 4
" EED; o I- 8 =0.98 (Bin = 858 G)
s 3 22-f=1.06 (Bin = 928 G)
My resuItS. 150 g 2 03-$ =118 (Bin=1033G)
g
14000 1 Bin860 ‘%
Bin875
12000 1 Bin900
1 00 00_ ] B|n925 o 260 4(.) - o r‘-'.r..-',?.‘.é'_n{-'."-."'.‘r..muui <o
1 Bin960 (nominal) Energy, keV
Events Energy, keV
150 ¢ 600 %\+\*
100 500 F
50 400
. I I -.A:___\‘.;-ﬂljickgrotmd level I 300 ;“ I | I | I |
400 500 600 7]?0 15(308 0 1.0 11 12 B
nergy, ke
High-energy tail Brgmsstrahlung
ultimate energy
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MC code main validation: Paper [3-5]

Trapping efficiency in GA depends on B, ..
» Difficult to establish number of trapped particles due to de-trapping. = My criteria: T > 400 keV.
* B,,=1000G and ty, =4 s 2 O, = 1.85-107°, a, =2.92 - 107>

0 = Binitia1(0,0)/Bgcr

My results. Andreev numerical results. Andreev experimental results.
0.5 O 10.04 A - 0=2.54E-7
0.45 1 _ O/ \ /;’ \‘-\ @ a=1.90E-7
0 . @ | A a=1.52E-7
S (.4 / S 8.0 Ve \ o
0.40 Z (@] - - . f_x- N ~ O\
g E g ik T
£ 035 Z 0.3 3 0.0 /A om
Q // N
U ._J._I’//'f x
0.30 0. D 4.0 tf
0.25* T v T . I ¥ T . T '. T " 1 T T T T T T
098 100 1.02 1.04 106 108 1.10 0.98 1.00 1-0281-04 1.06 1.08 1.10 095 1.00 1.05 1.10 1.15 1.20
° 8
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MC code Paper [3-5]: Loss spectrum

Parameters effect .
250001 ] Bin860
ECRlosses GAlosses Dec. losses Bing 73
20000+ E;i gmigg
. n
ﬂ Bln @ ﬁ @ [ Bin960 (nominal)
' .. 150001
 Bpu | Shift < i) 5
10000+
{t Ehf T T T
5000
ECR: Electron Cyclotron Resonance, GA: Gyromagnetic Autoresonance,
Dec.: Decompression. ol ] == ‘
0 1 2 3 4
» Trends are not regular, in-depth study needed. tlus]
8000 ] Ehfge4 2000 W ] BpuB0O
20001 Ehfl2e4 Bpu1200
[ 1 Ehfl0e4 (nominal) 6000 - [ Bpul500
6000 - 1 Bpul000 (nominal)
5000 1
5000 1
38 35 4000
4000
30001 3000 1
2000+ 2000,
10001 ;ﬁzEh*%uhmwwu*“,N“ﬁw_wiﬁi::ahhq_ _J“,wwwﬁﬁiiiﬂ 1000
00— : : : ‘ : : ‘ : 00— J S : : : : :
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
t [us] t [us]
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MC code Paper [3-5]: Average energy loss spectrum

Parameters effect

Andrea Cernuschi — 11/02/2025

Université
EEEEEEEEEEEEEE

Grenoble Alpes

Modn |
GA av. E.L. Dec. av. E. L. 500 %ﬁ%ﬁﬁ ﬁhﬁvﬁ%ﬁkﬁ
. | ffi i L I
{t Bin No effect ) _ 400 el 1 L
. % 3004 i ~
! Bpu {1, shift < Steeper decrease s 3% r?ﬁﬁ# iHH 5
© 2001 —— Bin860 L
{t Ehf No effect No effect Jfﬁ T onep T
GA av. E.L.: Gyromagnetic Autoresonance average electron losses, +00] pi i ::::22 (nomina)
Dec. av. E.L.: Decompression average electron losses. 0l ; 5 5 i : z : 5
» Trends are not regular, in-depth study needed. tlus]
| — Ehfge4 I 800 —— Bpu800
200 Enfl2e4 'El;ﬁ” - ] 700- ; ﬁL Boul 200
—— Ehfl0e4 (nominal) L ‘ —— Bpul1500
400 iLL 600 1 u”[ —— Bpul000 (nominal)
;f
2 300 ﬁjdﬁ;r Hif? 500 S jﬂ%
g‘ Fﬁﬁpﬂj{ jlq:hh\ §400 r'j r‘ e _‘_u[[
© 200 I “hy 300 | J—rlj"r,f ;;FHFF HT—LH Jl\l‘j
J s 200/ fﬁ %R
100 F JJ iﬂ%
1001
L \ Xl ]
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
t [us] t [us]
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Monte Carlo simulations - Trapped electrons energy

Particle statistics
69829 69829 69829 69337
16 iﬁ\i&os
14 14
12 12 16.06
10 10 5 > 16.04
om . .
> o 8 £ During PLEIADE
P .
6 6 16.02 total energy is
4 4 16.00 constant
2 2
49.7 49.8 49.9 50.0 50.1
0 10 20 30 40 50 tlusl
t[us]
Particle statistics
69829 9829 69829 69337
8000 700
000, During GA and \
6000, Compression 7680
. 5000 i S
= electrons gain W 3 7650
< 4000 =
B
y =
= 3000 7640
2000
7620
1000
0 7600
0 10 20 30 40 50 49.8 49.9 50.0 50.1
t [us] t[us]

800

600

W [keV]
=y
o
o

200

1400
1000/ converted to W),
— 800/
>
g
= 600
= 4001
200
0,
49.95 50.00 50.05
t[us]
Particle statistics
69829 9829 69829 69337
—
2.0
/
/
1.5 s
3 ,//
=10 /
= /’
/
05 /
0.0 /
0 10 20 30 40
t[ps]
\V
0 10 20 30 40 50
t[us]
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Monte Carlo simulations - Trapped electrons bunch size

Particle statistics During PLEIADE aXiaI
69829 69829 69829 0 IR o _
0.035 o6{Size 1T & radial size §
0.5 0.030 0.5
Eoa 0.025 E Eoa
(] g o
I 0.020'% 5
5 0.3 K =03
3 %mé\—» %
o2 - < 502
= 0.010 £ g
" o1 0.005 =01
0.0 0.000 0.0
0 10 20 tl 30 40 >0 49.9 50.0 50.1 50.2
ks) t [ps]
barticle statictice During PLEIADE electron
69829 69829 69829 69337 b h l I . .
000556, bunch slowly grows in size
0.018 During Compression - radially
£ 0016 electron radius is ' 000554
£0.014 ) . @
% o012 / reduced by = 4 times 2 00052
] < 0.00550
< 0.008 i
S o o 4 . o —>
Z 0,006 /Relatlwstlc Larmor radius o
0.00548
oo04; / (=1.95 cm @ 2.45 GHz)
49.8 49.9 50.0 50.1
0 10 20 30 40 50
t [us] t[us]

0.0003

0.0002

0.0001

2997 During PLEIADE
1.75] .
electron quickly
1.501
cross the whole
1.25] .
— cavity
E1.00]
N
0.751
0.501
0.251
0.001
49.90 4995 50.00 50.05 50.10
t[us]
Partiche statistics
69829 69829 69829 69337
0.0007
0.0006
ﬁD.OOUS
E
~ 0.0004

t [us]
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Parametric study — Initial pitch angle, length and radius of bunch

Initial velocity pitch angle
. base: random
v point on sphere L0_2: Ly =2cm

Th 0: 9 > 0 ‘ base: Lo = 5cm
Th_45: 0 > 45° LO_Lcav: Ly = L¢gy (8.64 cm)
| to B Th_85:6 > 85°

Initial cylinder length

o 0’.
~ S
0
K
B

* No major influence on the simulation.
* No major influence on the simulation. » Lower trapping (-3%) in LO_Lcav due to e generated nearby walls.
Initial cylinder radius Simul. % conf. % trap. SGA RO_30 — Trapped eIectrons only
0.04 ’
s base: Ry = 5mm base  76.89% 71.81% 000 0 g
e RO_15: Ry, = 15mm RO_15 38.38% 30.60% T 000l £
RO_30: Ry = 30 mm RO 30 17.29% 12.19% " oon 5
—0.04+

1 Ry leads to lower trapping and confinement. i)
» Missing effect: in Kube PIC simulation § Ry leads to larger ion losses. X [m]

10°
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Parametric study — TE ., mode, Time-step

TE,,,, mode

base: TE(1)(1)(1) mode
TE_1110: TE(1)(1)(10) mode

* No major influence on the simulation.
» Slightly lower trapping (-5%) for TE_1110.
» Higher p modes are needed for longer cavities.

ts_5:ts =5ps

Time-step Simul. %conf. % trap.SGA TO [keV] o [keV] 1750
ts 05:ts = 05ps 105 77.16% 72.49% 7606 71 gu0
base: ts = 1ps base  76.89% 71.81% 7608 85

ts_5 72.51% 32.18% 7570 277 500

750

* ts_5 breaks down simulation.

250

base_conf

----- base_conf

%Z300 7400

» ts_05 improves energy dispersion, but base is a better trade-off due to computational cost.

7900
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Parametric study — Initial electron energy

IC energy range limits base: 50 eV < E, < 250 eV

U R P R PP RT ] E0_750_1000: 750 eV < E, < 1000 eV
E0_1750_2000: 1750 eV < E, < 2000 eV
**1000 E0_2750_3000: 2750 eV < E, < 3000 eV
E0_3750_4000: 3750 eV < E, < 4000 eV

(79 1e0 185 Lo 1ss EO_4750_5000: 4750 eV < E, < 5000 eV

Simul. % conf. % trap. SGA
(0) (0]
* I E, leads to worse trapping in SGA. base 70.89% 71.81%
» Closer to theory hyp. considering EO_750 1000 82.10% 61.15%
electrons at rest. E0_1750_2000 81.84% 50.77%

> Also lower confinement with

. EO_2750 3000 80.17% 47.19%
exception of base.

EO_3750 4000 78.45% 46.46%
EO_4750 5000 77.09% 46.01%
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Parametric study — Magnetic field growth rate

% conf.

% trap. SGA TO

L&A

general.

Similar findings to Kube PIC simulation.

[pu < 5 KHz leads to worse trapping
and confinement of the electrons in

dB_0275 0.275 0.05  93.75% 0% i . , ,

. ] » dB_50 having the best results is good
dB_1 1 0.20 71.60%  39.15% 7598 240 news for the PIC simulation (lower
dB 2 2 0.39 57.77% 53.69% 7567 111 computational cost).
dB_3 3 0.59  44.40% 40.68% 7540 82
dB_4 4 079  48.85% 44.86% 7549 76 B

¥ # jf--*;"‘:\
base 5 098  76.89% 71.81% 7608 85 /(s

£ 1250/ gg:;o ' ‘“?r ‘i r

dB_6 6 1.18  70.81% 66.78% 7579 69 e iy 1‘&
dB_10 10 197  80.85% 75.06% 7595 67 N i N
dB 25 25 491  77.24% 71.21% 7534 56 ) 484 Tl
dB 50 50 9.82  91.76% 78.82% 7601 57 NEENEZ NN

7200 7300 7400 75(}:_0“(8\/1 7600 7700 7800
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Parametric study — Pulsed coil length

* Test4.0 — Longer pulsed coils: longer magnetic — Tl 035 — Testad-rad
mirror, but more regular radial field profile. 4 — Test3.2-ax 0 T T2
e Test4.1 - Shorter pulsed coils: shorter 3 ~Z§Z
magnetic mirror, but less regular radial field 3 cm =, ® ous
profile. 1 ) I = —
* Test3.2 — base_configuration: compromise $ >< i 0.05 —
between the two. -0.2 -0.1 0.0 0.1 0.2 00960 001 002 003 004 005
3.2 cm 15'6 cm z[m] r[m]
* GA very sensitive to magnetic field profile. 1600, —T baseccont
» Longer magnetic mirror is simply not able to confine particles. 14001 7 Sase.cont
“ 1200y 0y = Test4.0
o Test4.1
Simul. % conf. | % trap.SGA TO [keV] o [keV] dr[cm] dz[cm] H lzzz: Testd. 1
base 76.89% 71.81% 7608 85 1.3 1.6 % 600
4001
Test4.0 13.53% 6.69% 7674 102 1.3 2.8 2001 .
Testd.1 65.25% 47.51% 7432 76 13 16 00 e e o a0 oo e
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PLEIADE phase
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