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} GANIL 2026

J Large variety of beams
* Target/beam fragmentation at SPIRAL1 (ISOL)
—> Light n-rich and n-deficient nuclei
* Fusion evaporation at S3 (in-flight)
— p-rich elements
—> Refractory elements 4. DESIR
— (Super-)heavy - £

N—

Courtesy of B. Blank

) Three main setup categories
* B-decay spectroscopy
* Laser spectroscopy
* Mass spectrometry

) To study
* Nuclear structure
* Astrophysics
*  Weak interaction
* Application...
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The DESIR hall

: : . SPIRAL2
Aim for high precision measurements

* High purity beam

» We need to purify isobars (or even isomers)
* High quality beam

» Low longitudinal and transverse emittance

DESIR hall
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Courtesy of M. Gerbaux

Experimental setups

L High quality/purity beams
*  SHIRaC e GPIB
* HRS * PIPERADE ...
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} The DESIR hall
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} GPIB and PIPERADE @ CENBG
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} GPIB — General Purpose lon Buncher

* 30 keV continuous beam enters a 30 - € kV platform
/ * Radial confinement via RF
\ * Buffer gas cooling of ion residual energy
o * DC gradient + axial trapping
~ « guide the ions
* accumulate
o * Periodical release of ions as bunches

Why do we want to bunch the continuous beam?

— lon traps work in sequences
— Control of the energy spread
— Control of the TOF dispersion

M. Gerbaux et al., to be submitted
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} Bunching mode

3500 A
Time-of-flight dispersion: 3000 1
* 1-2ps FWHM at 30 keV 2500 1
* 0.5-0.7 us FWHM at 3 keV
 Extraction potentials can still be optimized for Sl
better bunch compression |
Energy spread 500 1
* = 5eVin 10 ms cooling time 0 :
* Cooling sequence optimization in progress 10 1 12 13 14 B

TOF since extraction [us]

Cooling Time 10000 us

Next steps:

fit wo gaus.
o L * Transverse emittance measurements at 3 keV and 30 keV
||l * Longitudinal emittance measurements
60 1 o=5eV
40 - é 1450
20 §
° ; | | . | . | | : 1300 M. Gerbaux et al., to be submitted
1350 1375 1400 1425 1450 1475 1500 1525 1550 15000 16000 17000 18000 19000 20000 21000 22000 23000

R-Grid potential [V] TOF (x10) [ns]
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} GPIB — General Purpose lon Buncher

Two operation modes, bunching mode and

CW mode
- Test and characterization with "atK (39K + 41K)
- Beam cooling: 2.9(5)m mm.mrad @ 30 keV
- Transmission = 80 % @ 30 keV
92 % @ 3 keV

ISCOOL mechanical design (ry = 20 mm) for high intensity beam
New RF system

- Increased U,¢ up to 8 kV,,; (hopefully)

- Frequency = 220 kHz — 2 MHz
Command and control system — EPICS/Python based

M. Gerbaux et al., to be submitted
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} PIPERADE

Entrance Optics Injection Optics Extraction Optics Exit Optics

Double Penning Trap

(ENTO1 - ENT10) (INJO1 - INJ10) (EXTO1 - EXT11) (OUTO01 - OUT10)

\ S VB 1) B |

WA A

7=
E s
2 s
2 g
g 2 [———
1 -
-100
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PIPERADE double Penning trap: First trap — Purification trap Second trap — Measurement trap
e 7 Tsuperconducting magnet * Beam purification * Accumulation
* Homemade switches * Large inner radius * Isomeric purification
*  Command and control system *  Minimize space charge effects *  Mass measurements
» EPICS/Python * > 10%ions per bunch
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\ Radial confinement
» strong homogeneous magnetic field

\ Axial confinement
» electric field

3 ion motions &—> 3 ion frequencies

* Axial v, 1 |Upq
vV, =— |[—>—
Z 2n|d?m
* Magnetron v_ .
Vi = | v E
* Reduced cyclotron v, T 2\¢

A. de Roubin

Invariance theorem

vi = v +vi + V2

Cyclotron frequency

Ve =V_ +V,

10/12/2021

q : electric charge
B : magnetic field
m : mass
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} Penning trap I Amplitude p

(dipole)
Pz Coupling excitation
‘i (quadrupole)
3 P+ — Magnetron
' w [ vC v+ + V_ ] (feW kHZ) VZ + V_
0 Control amplitudes
o - '6‘ Convert motions
SN N\

Reduced cyclotron Axial
(1-20 MHz) (10-100 kHz)
3 ion motions &—> 3 ion frequencies Invariance theorem Cyclotron frequency
2 _ 2 2 2

* Axial v, 1 |Uygq Ve = V2 Vit Vg N =ii

Ve = 0n [@2m " Zmm
- Magnetron v_ Cyclotron frequency | .

1 . q : electric charge

vy = =(v, £ [vZ —2V2 Ve =Vo Ty B : magnetic field

* Reduced cyclotron v, -2 m : mass
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} Buffer gas cooling technique

From RFQ CB

‘ ...... , ?

A 4

L L ’L‘r[_-‘ J

o =" : ' l Measurement Tra : :
Purification Trap 4. P Mlcr.o-ChanneI.FtIate detector
Diaphragm (position sensitive)

Buffer gas cooling technique
1. Magnetron excitation: v. ‘ » v_is mass independent

> 10 ms » Magnetron motion is amplified
2. Quadrupole excitation: v, =v, + v

» Convert the radial magnetron motion (v.)

into modified cyclotron motion (v,) ‘ » v excitation is mass dependent !!
> 40-400 ms » modified cyclotron motion is damped

» Centering the « good guys »
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} Buffer gas cooling technique

From RFQ CB
) D e , , -
1 1 L ’:‘ak‘[__‘ {
Purification Trap lﬂ,. Measurement Trap MicroChannel Plate detector
Diaphragm (position sensitive)
\" Mass resolving power of Penning trap _ _ EOVa
\ Buffer gas cooling technique
M Ve 1(q . 102
R=—-= Av, OC—B — Scaling 3 28 Al(gs)
« Gas filled purification trap 2
- Separation 8 10!
Constant for each method 0.1 ... 100 Hz
» 10 ... 100 Hz
> =104...10°
\ Rule of thumb: . AlSO cI;?ooIian 10 10% ¢ (\ ]
B=7T,qg=1e, m=100u 9 0 50 100 150 750 800 850
(Purification trap frequency - 4,135,000) / Hz
~ Ve 1 MHZ' 100 keV/HZ G. Savard et al., Phys. Lett. A 158 (1991) 247—252
A. de Roubin 10/12/2021 PhyNuBE 2021 14




Buffer gas cooling technique

First magnetron excitation First buffer gas cooling resonance
80 201
=70 = 39K+ Re-centered ions
G 2 60 1
560 2,
250 | S | FWHM = 26 Hz
i) Non excited 240 -
540 . 5
3 ions Q
O O 30 -
% 30 -
ézo E 20 |
2 10 All ions excited E 10 -
0 04
400 00 oo oo 800 900 200 -150 -100 -50 O 50 100 150 200
quency (Hz) Excitation frequency - 2752664 (Hz)

* Technique tested on * Resolving power of 10° reached * On-going studies to
- 3K R — Ve improve the resolution and
- 40Ca FWHM the re-centering efficiency
_ 41K

R = 106000

P. Ascher et al., Nucl. Instrum. Methods Phys. Res. A, 1019, 165857 (2021)
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} TOF-ICR technique

From RFQ CB >
‘ ...... L |
1 1 L ’LHH'—-‘ { ,
Purification Tra o Ko——— [ﬂ,. Measurement Trap MicroChannel Plate detector
Diaphragm (position sensitive)
TOF-ICR technique
1. Magnetron excitation: - . :
& V- » The modified cyclotron motion is a fast motion
» 10 ms
» Give a slow radial motion to the ions ‘ > The ions are not recentered (no gas)
2. Quadrupole excitation: v,=v, + v &

» Convert the radial magnetron motion (v.)
into modified cyclotron motion (v,)
» 5-—400 ms

» Extraction towards the MCP
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} TOF-ICR technique

From RFQ CB >
‘ ...... L |
1 1 ¥ L L ’LH‘J_.‘ {
Purification Tra . B— [ﬂ,. Measurement Trap MicroChannel Plate detector
Diaphragm (position sensitive)
TOF-ICR technique mese i g B o gl i) Fully
*  Excitation around v, = 00 | ' magnetron
/  Large magnetic moment (v, amplitude) E 180 |
2 2 2 .2 _ > © i
p~wipy — wpz  (E, = —{-B) < 160 Fully
. Extractlo.n o | T40 | oo cyclotron
/ Radial kinetic energy change to axial energy 120 | 'mRr=cUUMS Q T
* ToF is reduced -15 10 -5 0 5 10 15
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} TOF-ICR technique

= —— — B
From RFQ CB >
l |
i
;8 s 0
H -
Purification Trap [ﬂ,. Measurement Trap MicroChannel Plate detector
Diaphragm (position sensitive)
100 39K+ 104 39K+
ggo-fjr +H+ + “{ ” } } gmo— , vt + . — ¥ = | | '
- H h l } } } ’ ooy t t . } }
X R TR T A PR AL 38
£ | I H” Wt h | “H TR = —
HC_) 70 1 T } | -
2. | g
|_
0 1 2 3 4 5 6 7 8 T 480 500 520 540
Amplitude (V) Frequency (Hz)
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} TOF-ICR technique

From RFQ CB
>
L |
Purification Trap S lﬂ,. Measurement Trap MicroChannel Plate detector
Diaphragm (position sensitive)
120 — |
00, 39K+
oy t
3w f S t -
= | + RY RESULT f —
'go 80 } “’r = 80
= ]L } [ t t
:: f Y= 704 i
o) 70 4 8 t
() 60 -
g 60 1 E 501
|_
T T T T T T T T . 40 T T T : T
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Amplitude (V) Frequency (Hz)
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} Next step: PI-ICR technique

Trap center

Position sensitive detector
(MCP with delay lines)
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} Next step: PI-ICR technique

Reference
phase
o oy |y =2
phase 21t
15{135Cg + 151135Cg + |
25 25
97" center spot 7 center spot
| - 20 o d 20
Advantages of PI-ICR: T o / 'ﬂ'- . .ﬂ- \
* No scaning £ " otbn | ' cﬂ?ﬁm -
* Data collection to one spot > —5- -5+
¢ X40 faster X5 increase in precision 1o $ w0 10 ' e
But: ~15 1 ' > 154 >
. Cyc phase spot
* Need to prepare the ion more carefully ol Mag phasespot || = I 0
* Damping of ion motions; longer setting up time -0 =5 0 5 10 -=s 0 5 10
X [mm] X [mm]

* Sensitive to voltage fluctuations

A. de Roubin

A. de Roubin et al

10/12/2021

., Phys. Lett. A 124 (2020) 222503
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} Concluding remarks

GPIB cooler buncher Preparation trap (PT)
* Two different modes operational e Dipolar and quadrupolar excitations functional
e TOF dispersion of ~ 0.5 us reach * First buffer gas cooling resonance obtained

e Energy spread < 10 eV routinely
e Still room for improvement
* Next steps = emittance measurements

PIPERADE mass spectrometer Measurement trap (MT)
* Fully assembled e Dipolar and quadrupolar excitation functional
* lon trapped routinely e First TOF-ICR resonance obtained
* Detection system operational * Next steps = PI-ICR method !!!
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Thank you for your attention

The PIPERADE collaboration:

P. Ascher, L. Daudin, M. Flayol, M. Gerbaux, S. Grévy, M. Hukkanen, A. Husson, A. de Roubin, P. Alfaurt, B. Blank,
K. Blaum, B. Lachacinski, D. Lunney, E. Minaya Ramirez, S. Naimie, S. Perard, B. Thomas
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Buffer gas cooling technique

R=3.2cm
L=26cm

From RFQ CB

_ JCLL AL

L_L 4 | — |

f l .l Accumulation Trap
Purification Trap Diaphragm &L

Injection and capture of the ions
» 100 ps

A. de Roubin

MicroChannel Plate detector
(position sensitive)

pr



Buffer gas cooling technique

R=3.2cm
L =26 cm R=1cm
' = i ﬂ L =8cm
From RFQ CB -
. i l ‘l Accumulation Trap _ L
Purification Trap Diaphragm & MicroChannel Plate detector

(position sensitive)

Cooling of radial and axial motions
» 30-100 ms
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Buffer gas cooling technique

R=32cm
L=26cm 7 R=1cm
: ' . rﬁ l L =8cm
From RFQ CB L
—
B » N L Ih‘[ 4 | h
— - 1 l ‘J Accumulation Trap
Purification Trap Diaphragm &

Buffer gas cooling technique

1. Magnetron excitation: v. ~ mssssssssp | This excitation is mass independent

> 10 ms

A. de Roubin

MicroChannel Plate detector
(position sensitive)
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Time-of-flight ion cyclotron resonance technique (ToF-ICR)

R=32cm
L=26cm 7 R=1cm
| 4 ‘ L =8cm
From RFQ CB = : I
) , x |
=Pt L £t 1,-‘[41 h
- — b . .J Accumulation Trap _ .
Purification Trap Diaphragm ﬁl MicroChannel Plate detector

(position sensitive)

ToF-ICR technique (Time-of-Flight lon Cyclotron Resonance)

h Transfer of the clean ion sample to the measurement trap

A. de Roubin

27



Time-of-flight ion cyclotron resonance technique (ToF-ICR)

R=3.2cm
L=26cm " R=1cm
' j: | L =8cm
From RFQ CB 1
\
|
s [l e | oy ‘x:"r 1 h
] : i . .J Accumulation Trap .
Purification Trap Diaphragm ﬂ, MicroChannel Plate detector

(position sensitive)

ToF-ICR technique
1. Magnetron excitation: v_
» 10 ms
» Give a slow radial motion to the ions
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Time-of-flight ion cyclotron resonance technique (ToF-ICR)

R=32cm
L=26cm v R=1cm
e -] i I L =8cm
From RFQ CB M T
1 I { | Lﬁ uf"r’ - } | .
=2 f - : [ \ | Accumulation Trap _
Purification Trap Diaphragm &.; MicroChannel PIateFdL?ﬁ(;ctor
. ol magnetron
ToF-ICR technique 200 1
. . 180 +
* Excitation around v, oo |
. . . | Fully
/ Large magnetic moment (v, amplitude) for resonant ions a0F cyclotron
2 .2 2 .2 _ > D @ 120
/ p~oypr —oipt (B, = — (- B) :
* Ejection = 220 Fully
/ Radial kinetic energy change to axial energy é 200 | magnetron
* ToF is reduced 180 1
:ig Fully
Ramsey ToF-ICR technique 120 cyclotron
* Improves precision, reduces measurement time ~ x3 45 10 5 0 5 10 15

Vee - Ve (HZ)
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