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Bordeaux

Produce ion samples Preparation of sample Analysis of the sample
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PIPERADE = 2 cylindrical traps in a 7-Tesla magnet

it
o

Ll

Designlé% and machined at MPIK Heidelberg\

P. Ascher et al., PIPERADE: A double Penning trap for mass separation and mass spectrometry at DESIR/SPIRAL2, Nucl. Instrum. Methods Phys. Res. A 1019 (2021) 165857

—
/
% MCP
Entrance Injection 1st trap £ 2nd Extraction Exit electrodes (counting + ToF
electrodes electrodes 2 trap electrodes + position
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https://doi.org/10.1016/j.nima.2021.165857.%20567

lon motions in a Penning trap

e Strong homogeneous magnetic field : radial confinement
(2 homogeneous regions < 1 ppm over 1 cm?3)

* Weak quadrupolar electrostatic field : axial confinement (correction
electrodes to limit the anharmonicities)

—> Superposition of 3 motions with 3 eigen frequencies:

* v, :Axial motion ( ~100 kHz)
* v, :Reduced cyclotron motion (~ MHz)

e v_.:Magnetron motion (~ kHz) (mass-independent)
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lon motions in a Penning trap

e Strong homogeneous magnetic field : radial confinement

(2 homogeneous regions < 1 ppm over 1 cm?3) i
,.l\!"j/-‘l

* Weak quadrupolar electrostatic field : axial confinement (correction ::—_—_:—-,'—_::—- al.l_‘(ri
electrodes to limit the anharmonicities) . s ‘

L

—> Superposition of 3 motions with 3 eigen frequencies:

* v, :Axial motion ( ~100 kHz)
* v, :Reduced cyclotron motion (~ MHz)

e v_.:Magnetron motion (~ kHz) (mass-independent)
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lon motions in a Penning trap

e Strong homogeneous magnetic field : radial confinement

(2 homogeneous regions < 1 ppm over 1 cm?3) B R e Py e T ] N
VA S A 441/ NN/ N A A T )A

. K d | | ic field  axial fi . TS 7] Ry
Weak quadrupolar electrostatic field : axial confinement (correction O T T T (

electrodes to limit the anharmonicities) TR ASARR VAT TN S —
P L N N2 AN 2 VAV AR

—> Superposition of 3 motions with 3 eigen frequencies:

* v, :Axial motion ( ~100 kHz)
* v, :Reduced cyclotron motion (~ MHz)

e v_.:Magnetron motion (~ kHz) (mass-independent)
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lon motions in a Penning trap

e Strong homogeneous magnetic field : radial confinement
(2 homogeneous regions < 1 ppm over 1 cm?3)

L

‘*ﬂ‘ﬁr ‘.
i

* Weak quadrupolar electrostatic field : axial confinement (correction
electrodes to limit the anharmonicities)

—> Superposition of 3 motions with 3 eigen frequencies:

* v, :Axial motion ( ~100 kHz)

projection on radial plane

* v, :Reduced cyclotron motion (~ MHz) ——- magnetron only
------- magnetron + axial
* v_:Magnetron motion (~ kHz) (mass-independent) =
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lon motions in a Penning trap

e Strong homogeneous magnetic field : radial confinement
(2 homogeneous regions < 1 ppm over 1 cm?3)

* Weak quadrupolar electrostatic field : axial confinement (correction
electrodes to limit the anharmonicities)

(Y

—> Superposition of 3 motions with 3 eigen frequencies:

* v, :Axial motion ( ~100 kHz)

projection on radial plane
——- magnetron only
------- magnetron + axial

* v, :Reduced cyclotron motion (~ MHz)

* v.:Magnetron motion (~ kHz) (mass-independent) — total
1.00
qB

Cyclotron frequency v, = — v, =v; + v_ 075 1
2mm |

0.50
N 025
gooo 1
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lon motions in a Penning trap

e Strong homogeneous magnetic field : radial confinement
(2 homogeneous regions < 1 ppm over 1 cm?3)

T —— R ISR 7 (1 o
A YA AT AYARN AN AYAY

I N
|
\

vl
e | oy
* Weak quadrupolar electrostatic field : axial confinement (correction 3 (
electrodes to limit the anharmonicities) ‘

0 Y Y \
=TT W — /
[ N N a7 RN TAV AR RN |
A N NN A S B SONNEAZSS SN N NIRR

—> Superposition of 3 motions with 3 eigen frequencies: vy ‘-‘-‘h‘[—- = W B

* v, :Axial motion ( ~100 kHz) —~

Reduced by the gas projection on radial plane
* v, :Reduced cyclotron motion (~ MHz)/a’ ——- magnetron only

------- magnetron + axial

—— total

e v_.:Magnetron motion (~ kHz) (mass-independent)

_ 4B ~
Cyclotron frequency v, = oo Ve ¥ V4 + v_
Amplitude of these motions can be modified by buffer gas or RF-excitations
v Dipolar to increase/decrease a motion

v" Quadrupolar to convert one motion into another one
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lon motions in a Penning trap

e Strong homogeneous magnetic field : radial confinement
(2 homogeneous regions < 1 ppm over 1 cm?3)

T —— R ISR 7 (1 o

o Weak d | | ic field : ial i . A S YA R VAN F AN A —
eak quadrupolar electrostatic field : axial confinement (correction T T T

|
electrodes to limit the anharmonicities) i — J/
L \

) e
B

I R W S R RN T AY AR
o N SN\ A S NN N N NS

- Superposition of 3 motions with 3 eigen frequencies: g ‘-‘-‘_‘[—_ ~ T Wj

* v, :Axial motion ( ~100 kHz) —~

Reduced by the gas jecti dial pl
v, : Reduced cyclotron motion (~ IVIHZ)/> - fgf;fm“ 20 IREIRRARS

e v_.:Magnetron motion (~ kHz) (mass-independent)

1.00
Cyclotron frequency v, = % Ve RV + Vo 075 T OTe
050 T
Amplitude of these motions can be modified by buffer gas or RF-excitations N 025 T
v Dipolar to increase/decrease a motion §°~°° 1
v" Quadrupolar to convert one motion into another one Bl
. I . =1 o QR S
Three main purification/measurement techniques : ~075 T AR E.‘ s g
- Buffer gas cooling ~1.00 e
- Time-of-Flight lon-Cyclotron-Resonance (ToF-ICR) mM
- Phase-Imaging lon-Cyclotron-Resonance (PI-ICR) Yimmy 0075, 00 50100 « (mm)
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Technical developments on PIPERADE

New position sensitive MCP
+ Reconstruction of the position on the user interface (PIPERADE Trap Scanner for DESIR) :

g
MCP + Delay line
Setup Graphs Ame Fitting
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PI-ICR (Phase-Imaging lon-Cyclotron-Resonance)

Projection of radial motion phases on a position-sensitive detector

: e
00,)7\ reference
&y

phase

e i— '

e High sensitivity (“non scanning method”)
* Gain of a factor of 5-10 in precision and 40 in resolution compared to ToF-ICR
(up to R =107)

 Measurement of ground state masses and isomer excitation energies
* Capable of separate isomers = high-resolution purification for DESIR
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PI-ICR at PIPERADE

Initial conditions

9
20 l
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Y position / mm

-20 -10 0
X position / mm

Step 1
pattern 1

step 1 _I <— transport of ions to the measurement trap

step 2 ---reduction of mag. radius by dipole pulse at v.

step 3 - <« dipole excitation at v,
step 4 . <— 1 —pulse at v, .
step 5 g extraction pulse —» l

phase accumulation time

Eliseev, S et al. Appl. Phys. B 114 (2014) 107-128
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Y position / mm

Initial conditions

PI-ICR at PIPERADE

Magnetron damping
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20 10 0 ' -20 -10 0

X position / mm

X position / mm

Step 1

Step 2
pattern 1
step 1 _“_I <«~— transport of ions to the measurement tr:ap
step 2 ---reduction of mag. radius by dipole pulse:at V.
step 3 - «——— dipole excitation at v, .
step 4 . <«— 7 — pulse at v, R
step 5 extraction pulse —» L

“phase accumulation ime
Eliseev, S et al. Appl. Phys. B 114 (2014) 107-128
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PI-ICR at PIPERADE

Initial conditions Magnetron damping v, excitation
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| | |
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Step 1 Step 2 Step 3
pattern 1

step 1 _I <— transport of ions to the measurement trap

step 2 ---reduction of mag. radius by dipole pulse at v.

step 3 - <« dipole excitation at v,
step 4 . <— 1 —pulse at v, .
step 5 § extraction pulse —» l

phase accumulation time

Eliseev, S et al. Appl. Phys. B 114 (2014) 107-128
ISOL-France 2024 — Emmanuel Rey-herme LP2iB



PI-ICR at PIPERADE

Initial conditions Magnetron damping v, excitation Conversion magnetron
20 lB 20 lu 20 I 20 l
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I I I |
Step 1 Step 2 Step 3 Step 4
pattern 1

step 1 _I <— transport of ions to the measurement trap

step 2 ---reduction of mag. radius by dipole pulse at v.

step 3 - <« dipole excitation at v,
step 4 . <— 1 —pulse at v, .
step 5 § extraction pulse —» l

phase accumulation time

Eliseev, S et al. Appl. Phys. B 114 (2014) 107-128
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20

Initial conditions

PI-ICR at PIPERADE

Magnetron damping Vv, excitation
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Conversion magnetron

20

"5

£ : E £ TR £
Ew £ Eo Tk 'ﬁ'?";r E 10
g Fa g 2 - = 2
§ . -8 § - é " -, 74?:- §
> > > -': 7 :.--;_E-'L > e,
0 0 0 o 0 L
; ; ; i “ -20 -10 0 -20 -10 '
20 X posilt(i)on / mm 0 20 X posil'c?on / mm 0 X position / mm X position / mm
| | | | |
I I I | |
Step 1 Step 2 Step 3 Step 4 Step 5
pattern 1

step 1 _I <— transport of ions to the measurement trap

step 2 ---reduction of mag. radius by dipole pulse at v.

step 3 - <« dipole excitation at v,

step 4

Y

step 5

.4— n — pulse at v, -

extraction pulse —» I

phase accumulation time

Eliseev, S et al. Appl. Phys. B 114 (2014) 107-128
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PI-ICR at PIPERADE

Initial conditions Magnetron damping
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pattern 1 pattern 2
N A
step 1 _I <— transport of ions to the measurement trap step 1 J <— transport of ions to the measurement trap
step 2 ---reduction of mag. radius by dipole pulse at v. step 2 ---reduction of mag. radius by dipole pulse at v.
step 3 - «——— dipole excitation at v, step 3 - «————— dipole excitation at v,
step 4 . <«— 7 - pulse at v, - step 4 7 - pulse at v, —> -
step 5 extraction pulse —» I step 5 extraction pulse -{—b I

“phase accumulation time
Eliseev, S et al. Appl. Phys. B 114 (2014) 107-128
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"~“phase accumulation time
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PI-ICR at PIPERADE

PI-ICR Tacc = 5ms

!
e

-10
X position / mm

step 1

step 2

Center

Reduced
cyclotron

First 1-sec PI-ICR in February

’ Magnetron

pattern 1

_I «— transport of ions to the measurement trap

step 3

. «———— dipole excitation at v,

-
>

step 4

. <«— 7 — pulse at v,

.
-

step 5

extraction pulse —» I

“phase accumulation time
Eliseev, S et al. Appl. Phys. B 114 (2014) 107-128

---reduction of mag. radius by dipole pulse at v.

step 1
step 2
step 3
step 4

step 5

1: Red. Cycl.
¢C + 2nn = -'I';:'h"' Mag.
= £ ik
Znt 5 6 H'ﬂ i
2 4
2 Center -
il
0
2
-4
20 -10 C
X position / mm
pattern 2

h
J <— transport of ions to the measurement trap

---reduction of mag. radius by dipole pulse at v.

- «———— dipole excitation at v,

n — pulse at v, —> -

extraction pulse -g—h- I

' il P

"~“phase accumulation time
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PI-ICR at PIPERADE

PI-ICR Tacc = 5ms First 1-sec PI-ICR In Febru?ry

. Center
20 I 4 4 1: Red. Cycl
. R
ecuce ¢C + 21n 10 .?;_'l:in- Mag.
e cyclotron V. = E s S
S0 ¢ 21t 6 iy
% .ﬂ' [ ] % = y
- W £, Center
0 W " 0
-2
-20 -10 0 ' -
X position / mm Magnetron 20 10 C
X position / mm
First PI-ICR frequency measurement with PIPERADE : "
Choose t so that ¢. = 0 and thus v, = % 2 . % -
. - o
For 3°K, we obtain : 50 —
~ 6 #:I.
v.(PI-ICR) = 2740730,1 + 0,1 Hz : 3
v.(ToF-ICR) = 2740730,25 + 0,05Hz 0

-24 -22 -20 -18 -16 -14 -12 -10 -2 0 2 4 6 8 10 12

-8 -6 -4
X position / mm
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PI-ICR at PIPERADE

PI-ICR Tacc = 5ms First 1-sec PI-ICR In Febru?ry

. Center
20 I 4 4 1: Red. Cycl
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- W £, Center
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-2
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First PI-ICR frequency measurement with PIPERADE : .
N ) Reduced cylotron
Choose t so that ¢. = 0 and thus v, = - 0 s "
For 39K, we obtain : ‘E* "o L
ve(PI-ICR) = 2740730,1 + 0,1 Hz : : Magnetron -
v.(ToF-ICR) = 2740730,25 + 0,05Hz 0
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X position / mm
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PI-ICR at PIPERADE

PI-ICR Tacc = 5ms First 1-sec PI-ICR In Febru?ry

20 I Center 1: Red. Cycl
. Reduced ¢ + 27n - e Mag
. cyclotron V. = ¢ £ 4 -.f-"f
5" ¢ 21t 56 -
AR . g .
g L o 2, Center
0 W, " 0
-2
-20 -10 0 ' .
X position / mm Magnetron 0 ) pOSiti_gr?/ . C
First PI-ICR frequency measurement with PIPERADE : . -
N - .
Choose t so that ¢. = 0 and thus v, = - 2 R
o ._lﬁ__-.'.-
For 39K, we obtain : E FREY Reduced cylotron -

=2l

S

v.(PI-ICR) = 2740730,1 £ 0,1 Hz Magnetron

ro

v.(ToF-ICR) = 2740730,25 + 0,05Hz )
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-8 -6 -4
X position / mm

ISOL-France 2024 — Emmanuel Rey-herme LP2iB



PI-ICR at PIPERADE

PI-ICR Tacc = 5ms First 1-sec PI-ICR In Febru?ry

. Center
20 I 4 4 1: Red. Cycl
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couee ¢C + 2nn £ e Mag.
e cyclotron V. = E g R
S0 ¢ 21t 6 iy
% * . g 4 .
- W £, Center
0 W = 0
-2
-20 -10 0 ’ -4
X position / mm Magnetron 20 - C
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First PI-ICR frequency measurement with PIPERADE : . -
N 14 .
Choose t so that ¢. = 0 and thus v, = - 0
For 3°K, we obtain : ‘Es R
Ly AN Magnetron
v.(PI-ICR) = 2740730,1 + 0,1 Hz : | + Reduced cyclotron ||
v.(ToF-ICR) = 2740730,25 + 0,05Hz 0
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Conclusion and perspectives

However we still have some issues :

Deformation of the image on the final detector
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Conclusion and perspectives

However we still have some issues :

Deformation of the image on the final detector

Issues with electrode switch
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However we still have some issues :

- Deformation of the image on the final detector .

- Issues with electrode switch

- Trap center is moving

Conclusion and perspectives
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However we still have some issues :

- Deformation of the image on the final detector .

- Issues with electrode switch

- Trap center is moving

And work to be done :

- Mass measurements with PI-ICR

Conclusion and perspectives
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However we still have some issues :

- Deformation of the image on the final detector .

- Issues with electrode switch

- Trap center is moving

And work to be done :

- Mass measurements with PI-ICR

- Investigation of systematic errors

Conclusion and perspectives
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Conclusion and perspectives

22 ‘

However we still have some issues :

20
18

o . . 1
- Deformation of the image on the final detector ) Ceriter position as a function of tife
| | . e °
- Issues with electrode switch < s &
> ® o

- Trap center is moving 7.0 1

And work to be done :

3
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-30

Y Position (mm)

- Mass measurements with PI-ICR

5.5 1

- Investigation of systematic errors ol
- Investigation of buffer gas cooling for large bunches (>100) .
(Need for a new MCP chamber) BB B0 s

X P
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Conclusion and perspectives

However we still have some issues : - |
18
- Deformation of the image on the final detector . CartaE DOLItBH 58S RiRCHOH R tE
. . o ce °
- Issues with electrode switch I 51 &
:‘% 6 :'
. . > 4 [ @
- Trap center is moving 2 7.0 1 i
z ..’
4 ’é 6.5 ‘,‘
And work to be done : Z s . T
230 :% 6.0 “’.
g .
>
- Mass measurements with PI-ICR
5.5 1
- Investigation of systematic errors oo
- Investigation of buffer gas cooling for large bunches (>100) .
(Need for a new MCP chamber) N T e

X P

Before moving to GANIL (beginning of 2026)
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Thanks for your attention

and to D. Atanasov (former Post-Doc), M. Flayol (PhD),
P. Alfaurt, P. Ascher, B. Blank, L. Daudin, M. Gerbaux, S. Grévy, M. Hukkanen,
A. Husson, B. Lachacinski, S. Perard, A. de Roubin, C. Roumegou (new post-doc)

PIEGES DE PENNING POUR LES RADIONUCLEIDES A DESIR

MAX-PLANCK-INSTITUT
FUR KERNPHYSIK
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ToF-ICR mass measurements

39
. v K
+1 N Measured thanks to a reference Experimentally, we measure 1 = %
(well-known mass) ‘
qB
VvV, = —— . = —
I y— Mass determination = Mg =T (m39K me) T Me
. || | | — 3—eosur1certamty band | | || || |
E?af N 7 39K+
— ifzfr\itcertainty band " - z—eusz:tcertamty band
B B 72Freque:cy-27405383.681[HZ] i ’ ' - B ;equen;;-26110462.03 [le] ’ ’ ) - - _Iz=requen_éy—274(;383.711[Hz] ’ ’ ’
L5 1 T medewedmames |
S
v Lo- L. 6m _
= - Precision :— ~ 3 x 107°
S m
w05 L
<Zt [ | [ ] L
5 r[ 1 Studies of systematical uncertainties in progress
[v] ’ b ' R . . .
S IR (magnetic field fluctuations, number of ions, mass
g ' of the reference, etc...)
o
O.IO 2:5 5:0 7.‘5 ll)I.O 12‘.5 lSI.O l'.l}.S 20.0

Measurement number

ISOL-France 2024 — Emmanuel Rey-herme LP2iB



High-resolution phase separation

Non-selective dipole

excitation at v+ X
1 TV IR, At PIPERADE with A =85, v, = 1.26 MHz
" Av, AR, If AR,/R,= 0.1
2AR,
After a number of turns: | Py for t =100 ms - R=4.10%° SELECTIVITY
phase separation R, > (corresponds to 20 keV)

for R=10° 2>t=3ms  RAPIDITY

How to select|the ions of interest?

Magnetron damping to
—> recenter the ions and
extraction

m-pulse to convert
cyclotron to magnetron

Possible future improvement @DESIR: laser cooling ?
« Doppler and sympathetic cooling for the investigation of short-lived radioactive ions », S. Sels et al., Phys. Rev.
Research 4, 033229 (2022)
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