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Introduction: Paul Trap

~ Chapeaul
In Paul trap, ions are confined by a - o

guadrupolar RadioFrequency (RF) potential v ,_
A/ A/ &V - (), +V; cos(ar) of'o <
A V — a + a + a = O | ;m(.au

ox* oy’ 0z°

Rotaton axis . . ~ Chapeau2
trapping axis P

-A ring and 2 endcaps of hyperboloid shape

-Apply an oscillating voltage between the
electrodes

-The resulting potential is :

o B X*+y +2z7°
Leakage axis V(xY,z,t)=U_. +V, cosat) o
3
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Transparant Paul trap: LPCTrap

LPCTrap: precise measurement of Detection
the B-v angular correlation coefficient
in the B decay of radioactif ions

- transparency to B decay products A B "Extraction

- efficient injection of the ion packets

- R1R2: RF voltage is applied to central rings (R1 and R2)
to create a quadrupolar potential in trap center

Detection

- R3R4: polarized at a precise tension (during the
injection and extraction phase)

- R5R6: polarized at a precise tension
to correct the trap potential



Optimization steps & ELECTROBEM
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Spherical harmonic

Laplace’s equation in spherical coordinate, in the absence of charge :

A V(p,0,0)=0
The general solution of Laplace’s equation in spherical coordinate :

V(p,0,0) =3 > (pj P"(cos&)(A,,cos(me)—B, sin(me))

n=0 m=—n
0

Potential due to :
= electrodes voltage
= geometry of electrodes
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Spherical harmonic YO
& ELECTROBEM

In axi-symmetric systems (m = 0), the solution of Laplace’s equnation :

V(p,0.0) i V(0,0) =3 A | £ | P(cosO) : pep,

0

Optimize our trap in order to:

» reduce the harmonic of order higher than 2 (increase trapping time)

» maximize the ions cloud radius (maximize the number of trapped ions)

> optimize detector acceptance (increase the acceptance compared to LPCTrap)



Spherical harmonic
& ELECTROBEM

In axi-symmetric systems (m = 0), the solution of Laplace’s equnation :

V('O’Q):iAn(pj P (cos@) : p=<p,

To optimize the geometry of trap: °

1. Calculate potential on a circle :
=of center ( z=0, p=0)
"and radius , < £,
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Spherical harmonic B U
& ELECTROBEM

In axi-symmetric systems (m = 0), the solution of Laplace’s equnation :

V(,o,6?)=iAn v P (cos@) : p<p,

e . 0
To optimize our trap:

2. Extract real harmonic coefficient A_on a circle of

maximum radius p < p, n
VARRY, z[”j A, |
3. Solve our equation 2 APy < 204
V. [”j A
By minimizing (Minuit) | P 2
Our fitness function : P

JALr(p)

maximize quadratic potential well

= Imization parameter
maximize radius of our cloud fi Opt atio para ete S9
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Optimization Parameters

Several parameters can be used, depends on the geometry of electrodes:
A
R (mm)

Zmin
BN (I

* Axial distance from the center of the trap Zmin

(7 Z (mm)..

10
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Optimization Parameters

Several parameters can be used, depends on the geometry of electrodes:

A
R (mm)
* Axial distance from the center of the trap Zmin

* Radial distance p from the center of the trap - <Zm_m)-

Ip

(7 Z (mm)..
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Optimization Parameters

Several parameters can be used, depends on the geometry of electrodes:
A
R (mm)
* Axial distance from the center of the trap Zmin
* Radial distance p from the center of the trap
* Electrode deviation angles 0 -

Zmin
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Optimization Parameters

Several parameters can be used, depends on the geometry of electrodes:
A
R (mm)
* Axial distance from the center of the trap Zmin
* Radial distance p from the center of the trap
* Electrode deviation angles 0 -

Zmin

Zmin # Radial acceptance
p & 6 mm) Axial acceptance

13
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Optimization Parameters

Several parameters can be used, depends on the geometry of electrodes:
A
R (mm)
* Axial distance from the center of the trap Zmin
* Radial distance p from the center of the trap
* Electrode deviation angles 0 -

Zmin

Zmin # Radial acceptance
p & 6 mm) Axial acceptance

* Electrode thickness

* Gaps between the electrodes -

» parameters related to section geometry

14
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ELECTROBEM simulation

I At R = 0.000000 mm
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Result of MORATrap optimization
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MORATrap: Optimization Result

Optimized Electrodes + Einzel Lens
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MORATrap: Optimization Result

Free parameters:

* fixed the parameters related to the E
electrode R5R6 *

* Minimisation with 6 parameters related
to electrodes :

-R3R4: Zmin, p, thickness

-R1R2: Zmin, thickness

- And deviation angle

Electrodes profile
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\ 3 R4 /
R1 R2

>0y

-4

I

b 4

0EIHIHH‘IIIIIIHI|\II\HHI‘IIIIHIH'HIHIIII‘IHH\H\|IHIIIHI‘HHIHII|IIIHIHI‘\HHIHI'IHIHH\|\HIIIIII‘IIHIHH'IHIIII%

-7/0-60-50-40-30-20-10 0 10 20 30 40 50 60 70

Z [mm]



MORATrap Opt|m|zat|0n Result THEHI]HAPH[IJEEI
(Harmonic & potentlal)

Potential on ring pairs: |

V12=60 V (RF)
V34=0; V56=0 V £ 10° Radius at 2% =7.39 mm 7

Spherical harmonic , at R = 7.390 mm such that ®(R, 0)= En=° A, P,.(cos®)

Fitness : 0.020002

ai-“"

V (Einzel Lens) =0V ol
At R = 0.000000 mm | 1 &

(V) M

0 2 4 6 8 10 12 14 16 18

A2 8.57 order n
A4 2.72 e-06
A6 0.16

A8 0.0028 19




MORATrap: Optimization Result s
(dimensions)

Electrodes profile

EXPETI T O iR E
Electrodes dimensions T 45 B E[:I -
M R12 R34 Rss 35%— é
, 30
Zmin (mm) | 13.41 | 6.0 13. " UU UU
Inner radius 8.0 15.56 | 39.29 J5E E
(mm)
Outerradius | 9.67 | 18.53 | 43.79 S
(mm) 970—60—5 —-40-30-20-10 0 10 20 30 40 50 60 70
Z [mm]
thickness 2.17 3.94 4.5 Angles an redius at 2%
(mm) Radial angle 18 deg
Potentiels (V) | +/-60 0. 0 Axial angle 27.69 deg
(RF) Radius at 2% 7.39 mm

20



MORATrap Vs LPCTrap
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LPCTrap: ELECTROBEM simulation o

Electrodes profile

0-60-50-40-30-20—10 0 10 20 30 40 50 60
Z [mm]
Axial angle = 21 deg
Radial angle = 18 deg
Radius at 2 % =4.39 mm
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LPCTrap: ELECTROBEM simulation

(Harmonics and potential)

Potentials on ring pairs: V12=60V, V34=0; V56=12 V; V (Einzel Lens) =0V

At R = 0.000000 mm

P (V)

10

50f

40f

30f

20f

| Spherical harmonics A at R =4.390 mm such that  ®(R, 68) = }:n o A, P (cos®) ‘

=

<

10°

102 ﬂ’n

10

1
107"
102
1072

— Radius at 2% =4.39 mm

Fitness : 0.019977

s

2,

'1
2>
N

order n
23
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IVIORATrap Vs LPCTrap

Spherical harmonics A at R = 4.390 mm such that P(R, 0) = ):n_n A, P (cosB)

| Spherical harmonics A at R = 7.390 mm such that P(R, 0) = E _ A P .(cos B8)
= s e F10° I'PCT ;
- : gz ,,.‘4" Lo MORATI"a 3 Fitness : 0.020002 é < 102 % 5 & LP -Tlra F“-"esi j":ggﬂ é
10 - -l - 10 "
1 Se - A, <0 1 - A,<0
10 : 10"
102 & 1 07:
103 = 10
10 107"
105 N 10°°
10°° 10°°
1077 107
10°® 108
10° 1 o::
107'° ! 0111
107" 10 12
102 i
10 '3 10 (0] 2 4 6 8 10 12 14 16 18
o 2 4 6 8 10 12 14 16 18
order n

MORATrap

LPCTrap

Radial angle

18 deg

Radial angle

18 deg

Axial angle

27.69 deg

Axial angle

21 deg

Radius at 2%

7.39 mm

Radius at 2%

4,39 mm

A2

8.57

A2

6.98

A4

0.0000027

A4

0.37

Ab

0.16

A6

0.11

24
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Optimization Parameters
(to reduce A6)

Many forms of conical, cylindrical electrodes and different shape of section in front
of the ions cloud are tested to reduce the harmonic A6:

1) Cassini Oval I T M——

10.5F
Y

10F

9.5/ N : 7

2) Spline Curves

115—
10.55—
o
9.55—

o9

I_I\\‘Illlll\\Illlll‘l\lllll\\‘IIII‘I\\I'II\I‘I\I
13 13.05 13.1 13.15 13.2 13.25 13.3 13.35 13.4
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MORATrap: Systematic study

Move the electrodes R2, R4, R6 separately, along the Z axis +/-100, +/-50,+/-20, +/-10 um

(The blue line shows the reference value ) Electodes profle
A2 harmonic Vs AZ of R2 Exnnm R5 R ‘ 1
8.9 - 40%
88 ;— 30%
B.7F
s 6E R 2%=7.39 mm o :
E o T*-; %+ " 5? ' | 3
E‘.E — T.*-T 970—60—50—40—30— 0-1 O 10 20 "30 40 50 60 70
— ¥ Z[mm]
- R 2%=7.27 mm
- R 2%=7.2 mm
8.3
= R 2%=7 mm
8.2 -
8.1F-
E: [ AN TN SN NN (NN AN SN NN MNNN SN NN NN SN SN SN NN N S S A N
-100 -50 0 A0 1nn
AZ mm
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MORATrap: Systematic study

Move the electrodes R2, R4, R6 separately, along the Z axis +/-100, +/-50,+/-20, +/-10 um
(The blue line shows the reference value)

A2 harmonic Vs AZ of R2

8:

1 R 2%=7.39 mm
'**** """"""""""""
F R2%=7.27 mm"
3 R 2%=7.2 mm

b R 2%=7 mm

100
Dr_A1A2¢micro m

A2 harmonic Vs AZ of R4

R 2%=7.39 mm

3 R 2%=7.27 mm
3 R 2%=7.30 mm

I L R.Z%zuz"aq \mm.

P
o0 —50 [] 100
Dr_A1A2¢micra m

A2 harmonic Vs AZ of R6

R 2%=7.39 mm

3 R 2%=7.39 mm
g R 2%=7.39 mm
R 2%=7.39 mm

50 100
Dr_A1A2¢micra m

2 107'g

102
107

10*

107k

10k

1077

108t

A4 harmonic Vs AZ of R2

[T B
~100 -50 0 50 100
Deltar_A1A2 #micra m

A4 harmonic Vs AZ of R4

L L
—100 -50 o 50 100
Deltar_A1A2 #micra m

A4 harmonic Vs AZ of R6

50 100
Deltar_A1A2 #micra m

0171

0.165

0.16

0.155F

0.15

0.145

0.145

0171

0.165

0.16

0.155F

0.15

0.145F

0.145

017

0.165

0.16

0.155

0.15F
0.145F

0.14F

A6 harmonic Vs AZ of R2

P
~100

T R
—50 0 50 100
Dr Az #micro m

A6 harmonic Vs AZ of R4

L
-50 0 50

100
Dr AZ #micro m

A6 harmonic Vs AZ of R6

R e = CERRES SR *eoe-
P T S T T T T SRS R N S T
~100 ~50 o 50

100
Dr_A2 #micro m

0.004
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A8 harmonic Vs AZ of R2

HAITER E DRIEIH FROH ARMIRETIY

0.0038
0.0036
0.0034
0.0032

0.003

0.0028F
0.0026F
0.0024F

0.0022

0.002"

0.004

P BRI I
100 50 o 50 100
Dr_A1A2 #micia m

A8 harmonic Vs AZ of R4

0.0038
0.0036
0.0034
0.0032

0.003

0.0028;
0.0026F

0.0024
0.0022

0.002t—

0.004F

0.0038
0.0036
0.0034
0.0032

0.003
0.0028
0.0026
0.0024
0.0022

0.002—5

cov o b b v b 1 1
100 ) o 50 100
Dr_A1AZ #micro m

A8 harmonic Vs AZ of R6

O et B *-e

100 50 0

|
50 1
Dr_a1A2 #m@o?
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MORATrap: Systematic study

Move the radius of the electrodes R1R2, R2R3, R4R5: +/-100, +/-50,+/-20, +/-10 p m
(The blue line shows the reference value )

A2 harmonic Vs AR of R12 A4 harmonic Vs AR of R12 A6 harmonic Vs AR of R12 A6 harmonic Vs AR of R12
8.9 s 1077 S 0.1/p 0.004 S
F H E F C
8.8F : F D o e e e e 0.0038—
: 102k # * = E
8‘?5— ; * " " * 0.165: ** * 0.0036;—
Y R2%=7.39 mm o 3 o 018 * 0.0034f-
85k wF F 10k E * * 0.0032F
3‘457 * N 0.155F 0.003F * N
. R2%=7.38 mm e Fo. . e b
83t * w0k 0151 0.00261 *
82k R 2%=7.33 mm : . 0.0024F
: b w0k 0.145F 3 *
81f R 2%=7.28 mm : 0.0022F
e TN 0 Sy D - 0.002 Sy
Dr_A1A2#micro m Deltar_A1A2 #micra m Dr_A2 #micro m Dr_A1AZ #micro m
A2 harmonic Vs AR of R34 A4 harmonic Vs AR of R34 A6 harmonic Vs AR of R34 A8 harmonic Vs AR of R34
8.9p ; 017 — 0.004
saf H b oo 0.0038
: 0.165F
87 R 2%=7.39 mm 102 * g o Fu 0.0038
86F E 0165 0.0034
85k o¥ Fx r * * F * * 0.0032
s‘ E + * F 0.155F 0.003
4 + I oo . * 0.0028f----s-emee oo T
8af A5F *
825— * R 2%=7.27 mm 10k * 0155 000285 * . .
éé R 2%=7.30 mm i 0.145F 0.0024
I é 1 R |20A)=7|.30 mlm 1 L 1 1 1 1 1 E | | | | | OIOOZZ | L | L L
8 IleD‘ — Ifﬁo‘ — ID — 0‘ — IIDDI B Ifloﬂ‘ — I75D‘ — IO — IED‘ — IIDDI 014 IfIDDI — Ifﬁol — IB = I50 = IIW‘ 0002 ‘—‘Dﬂ‘ — ‘—50' = IO — ‘50‘ — IIDEII
Dr_ASAG #micro m Dr_A3A4 #micro m Dr_ASAE #micro m Dr_ASAS #micra m
A2 harmonic Vs AR of R56 A4 harmonic Vs AR of R56 A6 harmonic Vs AR of R56 A8 harmonic Vs AR of R56
89— 1 107 = —— 017 — 0.004 = ==
88f 3 e 0.0038
87F R 2%=7.39 mm P o 00036
B6E g e e oo oo Heeee 0 0.161 0.0034
85F 104k b * * 0.0032
s4b R 2%=7.39 mm m,ﬁi . . N 01551 0.003
ok R 2%=7.39 mm S 'S S sk * QL0028 ok ek
Tk 10 o B 0.0028
s2p R 2%=7.39 mm Wik 0145k 0.0024
B1f . 0.0022
e (A - R 10 S e 0.4 g 0.0025

100
Dr_ASAS #micro m
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MORATrap: Systematic study

Move the radius of the electrodes R1R2, R2R3, R4R5: +/-100, +/-50,+/-20, +/-10 p m
(The blue line shows the reference value )

A2 harmonic Vs AR of R12 A4 harmonic Vs AR of R12 A6 harmonic Vs AR of R12 A6 harmonic Vs AR of R12

8.9 s 107 e 0.1rp 0.004r e T Tt

F H E F £
Al N : L e 0.00385
87 T * * * 01651 *ox 0.0038F
TE f * * F ’ E
865 ... R2%=7.39 mm e o 0165 ' * 00034
850 LA w04k * * 0.0032F
o * . K 0.155/- 0.003F * X
N R 2%=7.38 mm e - * 0.0028-r--eoereeerneee e
83p * B 0151 0.00265 *
82 R 2%=7.33 mm 01455— 0.0024F .
BAE R 2%=7.28 mm 1cr7§— T 0.0022F

8- I—|'Dﬂ‘ — I—EID‘ — é : ‘D‘A‘IAELH;DI 10—5 I—|ID|]‘ = I—EIB‘ = ‘g = I5DID“‘ :“l;zl““;ﬂl 014- I—"}ﬂl = I—EDI = 0 = I5ﬂ I. 0002 100 \.rllo a ) 5 Ah;z;’:nf;ﬂ

A2 harmonic Vs AR of R34 A4 harmonic Vs AR of R34 A6 harmonic Vs AR of R34 A8 harmonic Vs AR of R34

89 : 017 — 0.004

£ H L r
saf i ] 0.0038

: 0.165F *
87F w02 * % : o e 0.0036

* Sensitivity is of the order of >50 um for the electrode R1R2
* Sensitivity is much lower for the electrode R3R4 and R5R6 (100 pum)

- - e P - - *
85 10 * 0.0032
64 0.155 0.003]
: 0°F * * * #* 0.0028F - D T - T -
83 R2%=7.39 mm | = [ LR G S S — 015 * )
10°¢ % 0.0026
82 —
R 2%=7.39 mm 07 0.145 0.0024
8.1 0.0022
8 |_‘|°u\ L |_5|°\ L |‘; L |5|°\ TR 10—5 I_|Ion‘ 1L I_5I°‘ 1L |‘; L Iow TR 0.14 I_|gul 1L |_5\°| 1L |0\ P T T T R N N B 0.002 _IDﬂ‘ L ‘_5IDI 1L Iﬂ‘ T R T BRI T

100 5 100 50 100 50 1
Dr_ASAS #micra m Dr_ASAS #micro m Dr_ASAS #micro m Dr_ASAS #micro m
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Conclusion

The optimized geometry of MORATrap (compared to LPCTrap):

v" axial solid angle increased

v Important radius at 2% (7.39 mm)

v’ reduce better the harmonic of order higher than 2

v'trapping efficiency increased (>58% Vs 20% LPCTrap) : B.M. Retailleau
Presentation

What’s next ?

 Switch to the 3D version of ELECTROBEM:
- calculate the potential on a sphere at the center of trap (has been done, and
checked against the potential in AXYELECTROBEM)

-a systematic study will be done (electrode rotation, torsion)
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Thank you for your attention



Fithness Function

D(p,0) =iﬂ{pﬁj P (cos®)

/

2 A 4 2
> < 2% oo ] TR P —0.02=0 Ou: [ 2
["jlm andl st ou r<{ 2]

P
1

[ A (P)
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LPCTrap

The LPCTrap consists of three rings with dimensions:

THE MO

Rings name | A,, A;, A
Zmin (mm) 8.8 5. 6.5
Inner radius 6. 10.5 15.5
(mm)
Outer radius 8. 14.5 18.5
(mm)
Length 6.2 9 6.5
(mm)
Potentials +/-60 0. 12.
(V) (RF)




