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Outline and goals

ECRIPAC (Electron Cyclotron Resonance lon Plasma Accelerator)
* Plasma accelerator conceptualized by R. Geller in the 1990.
* Physical principles similar to ECR lon Source.
 Scientific interest: Reduced accelerator dimensions, established technologies and simple design.

Aim e
* Numerically simulate ECRIPAC colls :___@Y_'?{*E_Sﬂc_t_iPﬂ__,l:_ ____________ PLEIADEsection
to assess device feasibility. U Detector
lon I
Source !

Methods Wg L reverse | l Vacuum
 Theoretical calculations. Merowave P ] T L fedeon  ITTTTE :
* Monte Carlo electron simulation.

* PIC simulations (work in progress).
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Electron heating in ECRIS

In ECRIS, electrons are confined inside a magnetic mirror and heated through Electron Cvclot'ron Resonance.
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Magnetic mirror confinement
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Particle reflected and

Electron Cyclotron Resonance (ECR)
Electron e in magnetic field B and transverse
time varying electric field E (t) rotating at wy.

» e gain L energy from E(t) ifwyr =0 = QB#CR

e ,B . 5]
confined if sin 0 > B—O e‘rotating at ® Becr
' frequency () -
Like a bal rolling up/down a hill —> E(1)
: VB > 0: v, converted to v
' VB < 0: v, converted to
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From ECRIS to ECRIPAC

* ECRIPAC solution: magnetic mirror slowly increasing in time
Relativistic limitation for maximum
electron energy through ECR. Gyromagnetic autoresonance (GA): . ~
autoresonant acceleration of electrons in R,
(= elj,LmCR = % #* wyr fy>1 ] magnetic field B(t) smoothly growing in time. ** X
B(t) 1.1 (;'A\v"

» Relativistic energy leads to > Ye(t) = Bmin 1,866“’0@ S
resonance loss. v' Experimentally verified! I
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TUBE- DE QUARTZ |

 What if | want to accelerate ions? Use the electron energy!

lon entrainment: Local difference in i* and e density arising from e- ”%/%é—m

displacement generates a space-charge field which accelerates i* . / Eg';:EE;@EmM
PLA .
> Ve = Vj -2 WeJ_,c _ WeJ_,PL ~ Wi||,PL SECTION DU JET
. oo i 10NS
v' Experimentally verified! W& ELECTROMS )

Bardet et al. (1965), Nuclear Fusion 5 (pp. 7-16).
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ECRIPAC structure

Structure 6 —— Boayrac
— BpLEIADE
* Injector: ion source (ECRIS). —a
* GYRAC section: resonant cavity, microwave - X tpul
injector, main coils and reverse field coil| | || X7 -- 5
. . min
(magnetic mirror). 05> oo o0 04 o6 o8 10
. z [m]
* PLEIADE section: beam transport tube, )
. . Mai - -
main coils. e I —————
cols  GYRACsection PLEIADEsection
Working cycle phases: betector |
 Gyromagnetic autoresonance (GA). on N
Source g |
* Plasma compression (C). | j Vacuom
Micromave . o Reverse l oump
icrowav : I i i :
* PLEIADE (PL). imjector =t O -
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Gyromagnetic autoresonance (GA) phase

Role

time

l_'_l

Particle statistics

Increase electron energy through gyromagnetic autoresonance. 71813 71813 71813 71813
* Plasma and HF wave injection at reverse field peak value.
B(t) sinusoidal increase in time =
= 245 GHz =
Bin < Bgcg for stability reasons fur -
\ )
|
A Bmin
| (tea) | : : Bgcr
B(tga v 0 10 20 30 40 50
Yea ™ Torbit = = ~1.95cm Start of HF  **  tlus]
Bmin HF whF
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Plasma compression (C) phase I -

\ )
Y

End of GA phase

Role

) 0.04 175

Compress electron cloud and further increase electron energy. 150
0.02 r 125 2
. . . . . . £ 0.00] : 100;;
e HF wave injection stops, magnetic field continues to > o 2
increase up to the main field restoration. ~0.02 s0

* Plasma compressed into a thin disk by electric field induced 0.04 25

by time-varying magnetic field. ~0.04 —0.02 )?.[g]g] 002 004 °

» 1 n, beneficial for ion acceleration.

End of Plasma compression phase

0.04 500
« Constant of motion in p%/B = const 0.021 %4
adiabatic approximation. r2B = const E 000 O 300 §
1 g 200;6':
5 B(t) 2 —0.021
t)=11+ —1 100
I—» v (®) 0ea =D g0 2 eoal

—0.04 —0.02 0.00 0.02 0.04
X [m]
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PLEIADE (PL) phase

time

Role

lon (i*) acceleration due to ion entrainment by electrons (e”) .

Stability conditions for i* acceleration (charge Ze, mass Am,) — VB/B. —— NSO —— EBS
« Magnetic field profil :dggL 0.0211
. . — 0.020-
* Non shake out condition (NSO): <« Electron bunch stability (EBS): o
i* acceleration > e~ acceleration Coulomb repulsion < VB force. E 0.019 .
VB, 27e VB, 2e Q
2 Esc > 573 0.018 1
B, c°A Bz 1 mec®(Vec — Vec) ///‘
1 0.0171
» Yiim : Minimum y for mgA\3 0 1 2 3 4 5
stable acceleration.  Yec¢ =~ Yum = m,Z e [m]
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Stability condition of the accelerator

More stringent limitations than expected: y, ¢ >> y,;;, and appropriate lp; .

E Ye.c > Yiim 1S too low. Yec and lp, are correct. E lp; is too short.
— VB/B —— NSO —— EBS SR — VB/B —— NS0 —— EBS SR — VB/B —— NSO —— EBS SR
0.0211 0.023 1
0.0231 - lp; T 0.0221
8 Ve 7° Vec @ Too
= 0.0221 ) ' 0.019; @mmm 7 00207
9 9 9 0.019
> Bragx 8 T oo Brin 1 >
0.021 0.018
Bfin @ 0.0171 //// fHF { 0.017 - //
0 1 2 3 4 5 0 1 2 3 4 5 ne 1 0 1 2 3 4
Ipe [M] I [m] Ipe [M]
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Parameter space analysis

Aim: Obtain ions of desired energy with lowest y, ¢ and lp; ensuring stability.

Parameter space (v, ¢ Vs Bri, vs lp) analysis
Plasma External field ECRIPAC suited to accelerate highly-
* lons A/Z ratio. * tpur- —ew | =) | charged ions with small mass over
e e density n,. Bax charge using a large and dense plasma.
* Initial plasma size Tgisko0- *  fyr- o T l
05 08 Lo
——
A | Prototype design for a He?* compact
accelerator @ fyr = 2.45 GHz
B = E *  W;/A=9.53 MeV/nucl.
. ¢+ lp =1.8m
N B m B ' * Bpax=5T, Bfin =489T;
L EEEL M LELEF M EELE B,,in = 0.086 T
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Monte Carlo simulations

Very good agreement with theoretical treatment

161 —— MC code results 7
—— Theoretical results

Investigation of physical parameters effects

o Particle initial conditions
10, > {1 L0 = No effect: 020
° ) possible to reduce 0.1
B(tga)  °Yea . - B(t) \2 : C |
Voa = — Sy o) =1+ (2, - D2 spatial grid size. 0.1¢
min s B(tga)
L _itea | | |
0 10 20 tlus] 30 40 50
Us
t=0.0 ps
_ ve 2'00'_1;6_‘4 _________ —— MC code results 0.04]« ~ % :\\ 7T P
Te Q_e\:z\> —— Theoretical results External ZE; E : A : : -
=¥ ° 001! . .t f
2125 / L TGZAB(tGA) field Eow ! L
=" BO dB®) 5 S
0.751 S . > ﬂ dt 9 70.03-: : s ! L ox : :
0.50/ ! o4y = - 2 AL TN N~
025 ‘{ i No effect: —0.04 —0.02 ’?ll;wl)] 0.02 0.04
51 | . . : .
0.00| ! ifea | | , possible to reduce simulation duration.
0 10 20 30 40 50
t [us]
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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: more stringent limitations on stability condition than expected and highlighted
influence of ECRIPAC parameters. Proposal of a prototype design for a He?* compact accelerator.

v" Monte Carlo simulation: validates theoretical treatment of electron behaviour inside ECRIPAC.
Allowed to study effect of several parameters on electron behaviour.

Perspectives

Simulation of the entire plasma during the whole ECRIPAC operation.

» Currently developing Particle-In-Cell (PIC) simulation using Smilei)
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