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Outline

© Introduction and context
o Traps landscape
o Beam in nuclear physics

© Trapping charged particles almost at rest
o Paul trap
@ Penning trap

e Penning trap techniques
@ Motion manipulations
@ Mass measurement methods
o Purification methods

Q MR-ToF MS

e What nuclear physics with traps?
@ Precision studies of the weak interaction with 3 decays
o Nuclear structure studies
@ Nuclear astrophysics
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A (very) brief history

Frans Michel Penning John Robinson Pierce Hans Georg Dehmelt Wolfgang Paul

@ 1936 : first Penning vacuum gauge

@ 1949 : J.R. Pierce discuss the principle of a "magnetron trap” in his book about e™ beams
@ 1953 : W. Paul builds the first quadrupole RF mass spectrometer

@ 1959 : First Penning trap by H.G. Dehmelt

@ 1986 : complete geonium theory by L. Brown and G. Gabrielse

@ 1987 : first radionuclide mass measurement in a Penning trap (ISOLTRAP)
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What are traps used for ?

saipnis uondeay
Aisiwsy)

o Traps are used in a wide variety of domains
@ Main application : mass spectrometry

@ Several topics (at least partly) in the scope
of IN2P3 Nuclear physics Quantum
Decay and laser spectroscopi information processing

o Nuclear physics
o Beam preparation
o Standard Model tests

o Antimatter studies
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eams in nuclear physics - ISOL vs in-flight me

High energy (~GeV/u) and fast (ps)
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Low energy (meV - 100 keV/u) and rather slow (ms to s)
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Beams in nuclear physics - ISOL vs in-flight methods

ISOL In-flight

o Beams usually have a single charge state @ Beams have a whole distribution of charge
and a low energy dispersion states and momentum
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Beams in nuclear physics - ISOL vs in-flight methods

ISOL

o Beams usually have a single charge state
and a low energy dispersion

@ Method is intrinsically slow
(effusion-diffusion from target to source)

In-flight

@ Beams have a whole distribution of charge
states and momentum

@ Method is intrinsically fast (beam is never
stopped)
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Beams in nuclear physics - ISOL vs in-flight methods

ISOL In-flight

o Beams usually have a single charge state @ Beams have a whole distribution of charge
and a low energy dispersion states and momentum

o Method is intrinsically slow @ Method is intrinsically fast (beam is never
(effusion-diffusion from target to source) stopped)

@ production of refractory elements by ISOL @ Insensitive to the chemistry of the element
method is very challenging of interest

7/84



Emittance

o "Quality” of the beam is a key parameter
for trapping

@ This is described by the emittance concept
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for trapping
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o Emittance is the spread of the beam in the
phase space

nsverse position (mm)

@ In the absence of dissipative forces
emittance is conserved

Position along beam axis (m)
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Emittance

o "Quality” of the beam is a key parameter
for trapping

@ This is described by the emittance concept 1

o Emittance is the spread of the beam in the
phase space
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Emittance

o "Quality” of the beam is a key parameter
for trapping

@ This is described by the emittance concept

o Emittance is the spread of the beam in the
phase space

ansverse position (mm)

@ In the absence of dissipative forces =
emittance is conserved "

@ A typical beam has its particle grouped = T —
within an ellipse in the phase space with a
tilt depending on the focusing
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Why it is needed to prepare the beam

o Radioactive ion beams production facilities usually deliver...
o beams with typical emittance ¢ ~ a few 10m.mm.mrad

o (quasi-)continuous beams
o Efficient injection into a trap requires...

o ¢ < afew m.mm.mrad

o A bunched beam with a duration between ion bunches ranging from ms to s

The beam must be cooled and bunched before trapping ! )
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Why it is needed to purify the beam

@ Suppose one want to measure the half-life of a given
nucleus (**Ga)
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y it is needed to purify the beam

N

-

e
@ Suppose one want to measure the half-life of a given

#Ga 4Ga
nucleus (*Ga)
| ~H
@ A contaminated sample will result in a biased ac | ey

measurement -mi l |

Count rate (arb. unit)

Time (s)
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y it is needed to purify the beam

e
@ Suppose one want to measure the half-life of a given

#Ga 4Ga
nucleus (*Ga)
| ~H
@ A contaminated sample will result in a biased ac | ey

measurement -mi ‘ |

o Mass is a specific feature of each nucleus (and even
nuclear state)

Count rate (arb. unit)

Time (s)
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Why it is needed to purify the beam

“Ge  6Ge | 9Ge

@ Suppose one want to measure the half-life of a given

e
nucleus (*Ga)
| ~H
@ A contaminated sample will result in a biased ac | ey

measurement -mi l |

o Mass is a specific feature of each nucleus (and even
nuclear state)

o Selecting using @/m is the usual technique since J.
J. Thomson's discovery of the Neon isotopes

Count rate (arb. unit)

Time (s)
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Mass resolution

M
M lution R = ——
ass resolution AN

describes the ability to separate nuclides with close masses

@ Makes really sense only for ISOL-like beams

o A simple dipole magnet has R =~ a few 100

Mass (u)

@ A high resolution separator can reach R ~ 10*

132,96

132,95

132,94

132,93

132,92

132,91

132,90

= Ground states

47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65

z

Even a HRS is sometimes not enough to separate isobars (not speaking about nuclear isomers)J
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Mass resolution

. M . - . .
Mass resolution R = —— describes the ability to separate nuclides with close masses

AM
v
1329 *
e Ground states
132,05 L ° * Isomeric states )
@ Makes really sense only for ISOL-like beams L 5
H H Tg] 132,93
o A simple dipole magnet has R =~ a few 100 <7t :
. . 132,92 + i3 :
@ A high resolution separator can reach R ~ 10* . o
132,01 + L . O
132,90 —t—t—+———+————+—+—+—+—+—++

47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65

z

Even a HRS is sometimes not enough to separate isobars (not speaking about nuclear isomers)J
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What "traps” will we talk about ?

@ Many types of charged particle traps exist but few of them used in our field

o We will focus on the low-energy (< a few 10 keV) nuclear physics tools i.e.
o Paul traps
o Penning traps
o MR-ToF MS

@ We will hence not discuss storage rings
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3D Paul trap
o




Trapping charged particles almost at rest |
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Trapping with an electrostatic field ?

o Starting from Maxwell-Gauss law
Y.E—¢

@ In vacuum and for an electrostatic field, it
simplifiessto V- E=V?V =0

@ There is hence no local maximum or

minimum of the electric potential V, one
can at best obtain a saddle point
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Tr

Trapping with an electrostatic field ?

@ Starting from Maxwell-Gauss law
V.E=¢
IS
@ In vacuum and for an electrostatic field, it
simplifies to V - E = V2V =0
@ There is hence no local maximum or

minimum of the electric potential V, one
can at best obtain a saddle point

Electrical potential (V)

@ Saddle electric potential confines charged
particles in one direction...

@ but the particles can escape in the other
direction

Earnshaw’s theorem (1842)

It is not possible to trap charged particles in all three dimensions with an electrostatic field J

The same can be demonstrated for a magnetostatic field
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Cheating with Earnshaw’s theorem

o We will see later that ions can be trapped in a purely electrostatic device (MR-ToF MS)
@ This is not in contradiction with Earnshaw’s theorem

@ In a MR-ToF MS, the kinetic energy of the ions can not be reduced to =0 =-in the ion
reference frame, the E field is not static
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Trapping charged particles almost at rest

Two approaches for (real) trapping

Upe

+
Vp cos(2t)

— Upc *—

Paul trap Penning trap
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Trap geometries

The theoretical ideal shape for both Penning and 3D Paul trap is made of hyperboloids of
revolution (1 sheet + 2 sheets) but...
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Trap geometries

The theoretical ideal shape for both Penning and 3D Paul trap is made of hyperboloids of
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o No easy access inside

@ Requires at least one hole (usually two) for
beam injection

o Electrodes extending to infinity are not
very handy !
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Trap geometries

The theoretical ideal shape for both Penning and 3D Paul trap is made of hyperboloids of
revolution (1 sheet + 2 sheets) but...

@ Hard to machine

o No easy access inside

@ Requires at least one hole (usually two) for
beam injection

o Electrodes extending to infinity are not
very handy !

Many traps made of cylindrical electrodes with potentials finely tuned to approach the ideal
case near the center of the trap
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Paul traps |
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Potential inside a Paul trap

@ Saddle electric potential
(hyperbolic paraboloid)
confines charged particles in
one direction...

@ but the particles can escape
in the other direction

@ This can be avoided if the
potential is flapped fast
enough !

20/ 84



Motion of charged particles in a Paul trap

The most desirable restoring force is one proportional to the distance from the center of the
trap.
The electric potential will hence have the form :

& oc AP+ py? + vz

To obey Laplace's equation A® = 0, 2 solutions are used :

A=p=+land v =-2 corresponding to a 3D Paul trap

A=—pu=+4+landrv=0 corresponding to a linear Paul trap
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Motion of charged particles in a 3D Paul trap

As a time-varying potential is needed, the one
of a 3D Paul trap generally has the form :

x? 4+ y? —22°
& = [Upc + Vjcos (2t)] Z—dz oo
0 +

Vp cos(Qt)

where...

°o =

z M
2 T

@ Q is the driving RF angular frequency

Note that the DC part is not mandatory for trapping

22/84



Motion of charged particles in a 3D Paul trap

The equation of motion of a particle with
charge Q inside a Paul trap are :

. Q

X + m_dg [UDC + VO Ccos (Qt)]X =0

y+ i[UDC+ Vocos(Qt)]y =0
mad?

y+

2Q
a2 [Upc + Vocos (Qt)]z=0
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Motion of charged particles in a 3D Paul trap

That can be put in the compact form :
The equation of motion of a particle with o )
charge Q inside a Paul trap are : Mathieu’s equation J

U+ [a, —2qg,cos(27)]u=0

., Q
X+m_d§[UDC+VOCOS(Qt)]X:O where u=x, y or z, and :
Q o g % _MUncQ
7+~ [Uoc + Vo cos (Q1)]y = 0 A= T garm
mdg
7+ % [Uoc + Vo cos (Q1)] 2 = 0 S e ml o
mdg
Qt
T = —
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particles

Motion of charged particles in a 3D Paul trap

PURES ET APPLIQUEES, 137
That can be put in the compact form :
MEMOIRE . ' .
ok Mathieu's equation

LE MOUVEMENT VIBRATOIRE
D'UNE MEMBRANE DE FORME ELLIPTIQUE; u—+ [au = 2q,_, COoS (2T)] u = O
Par M. Ewie MATHIEU [*].

where u=x, y or z, and :
laginons une membrane tendue également dans tous les sens, et
dont le contour, fixé invariablement, est une ellipse. Notre but, dans

ce Mémoire, est de déterminer par I'analyse toutes les circonstances 4 U Q
a; DC

de son mouvement vibratoire; nous y calculons la forme et la position
20)2
2 dg$2? m

des lignes nodales et le son corresp Mais ces ¢ a,=a, =
assujettis & certaines lois générales qui peuvent étre définies sans le
secours de Panalyse.

Lorsqu'on et la membrane elliptique en vibration, il se produit
deux systémes de lignes nodales qui sont, les unes des ellipses, les
autres des hyperboles, et toutes ces courbes du second ordre ont les

mémes foyers que Pellipse du contour. —q; 2 Vo Q

Tous ces mouvements vibratoires peuvent étre partagés en deux = = ———= —
&= 2 a2 m

genres. Dans 'un de ces genres, le grand axe reste fixe et forme uue
ligne nodale, et si 'on considére deus points symétriques par rapport
au grand axe, leurs mouvements sont égaux et de sens contraire. Dans
Pautre genre, au contraire, les extrémités du grand axe situées entre
les foyers et les sommets forment des ventres de vibration, tandis que Q
I partie située entre les deux foyers offre un minimum de vibration, t
- T = —
{*] Ce Mémoire a été exposé au mois de janvier 1868 dans un cours & la Sor- 2
bonne,

Tame XHI (2¢ séri Avaat 1868, 18
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Stability inside a 3D Paul trap

Solutions have the form :
fi(7) = exp (£ [ + i8] T) g(£7)

Which are stables (i.e. non diverging if 7 — 00)
onlyifa, =0and B, #neN
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Stability inside a 3D Paul trap

Solutions have the form :
fi(7) = exp (£ [ + i8] 7) g(£7)

Which are stables (i.e. non diverging if 7 — 00)
only if a, =0and B, #neN

o [, has a complicated expression that
depends only on a and ¢ = stability
diagram

@ The boundaries of the stable regions are
those for which 3, =neN

Stability of the solution hence depends on
Q/m, do, Q, UDC and V()

7.5

5.0

25

0.0

z stable

2
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Stability inside a 3D Paul trap

Solutions have the form :

fo(r) = exp (£ [, + iB.]) 7) g(£7)

Which are stables (i.e. non diverging if 7 — 00)

onlyif o, =0and B, #neN

o [, has a complicated expression that
depends only on a and g = stability
diagram

@ The boundaries of the stable regions are
those for which 8, =neN

Stability of the solution hence depends on
Q/m, do, Q, UDC and VO

7.5

5.0

25

r stable
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Stability inside a 3D Paul trap

Solutions have the form :
fi(7) = exp (£ [, + i8] 7) g(£7)

Which are stables (i.e. non diverging if 7 — 00)
only if a, =0and B, #neN

o 3, has a complicated expression that
depends only on a and g = stability
diagram

@ The boundaries of the stable regions are
those for which 5, = n e N

Stability of the solution hence depends on
Q/m, do, Q, UDC and VO

)

75

5.0

25

-10.0

z stable
r stable

6

q
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Stability inside a 3D Paul trap

Stability of the solution hence depends on Q/m, dj, ©,
UDC and Vo

Usually, the "first” stability region is used

For a = 0, the motion is stable for 0 < g < 0.908

For a m =100 u ion and a dy =1cm trap if Upc =0,
that means :

o If V, =100V, motion is stable for f = 5= >328 kHz

o If f = ££ =1 MHz, motion is stable for V, <929V

o




Motion inside a 3D Paul trap

If the stablity condition is met, the solutions have the form :

= i e .
u(r)=A Z Gancos[(B. +2n) T]+B Z Gansin[(B, + 2n) 7] £ ‘fv .
n=-—oo n=—oo < >/ (\) 0 <
'S \ S [
R f// \ 2 02
Where c,, depends on a, and q, A / ‘
The spectrum of the ion’s motion hence contains the —07\;“\*\
frequencies : oy
w B
Wy,n = (ﬂu + 2") — == + nQ) = Wy,0 + nQ ) ] )
2 2 Exemple of an ion’s trajectory with
g:=01and a;, =0
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Motion inside a 3Dn?;u| trap

If the stablity condition is met, the solutions have the form :

u(r)=A S cacos[(B,+20)T1HB Y psin[(B, +2n)7]

n=—oo n=—oo

Where c,, depends on a, and q,

The spectrum of the ion’s motion hence contains the
frequencies :

= B8 +nQ = w, o+ nQ

2 Exemple of an ion's trajectory with

o = (Bu+2n) 5

g-=01and a;=0
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Motion inside a 36 Paul trap

If the stablity condition is met, the solutions have the form :

u(r)=A S cncos[(B,+20)T1HB Y cpsin[(B, +2n)7]

n=—oo n=—oo

Where c,, depends on a, and q,

The spectrum of the ion’s motion hence contains the
frequencies :

= BuS2 +nQ = w, o+ nQ

2 Exemple of an ion’s trajectory with

o = (Bu+2n) 5

g:=01and a;, =0
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Motion inside a 3D Paul trap

If the stablity condition is met, the solutions have the form :

u(r)=A S cncos[(B,+20)T1HB Y cpsin[(B, +2n)7]

n=—oo n=—oo

Where c,, depends on a, and q,

The spectrum of the ion’s motion hence contains the
frequencies :

Q
Wu,n = (By +2n)% = By +nQ = w, o+ nQ

2 Exemple of an ion’s trajectory with

g:=01and a;,=0
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Motion inside a 3D Paul trap

If the stablity condition is met, the solutions have the form :

u(r)=A S cncos[(B,+20)T1HB Y cpsin[(B, +2n)7]

n=—oo n=—oo

z (mm)

Where c,, depends on a, and q,

The spectrum of the ion’s motion hence contains the
frequencies :

_ 8.0

> +nQ) = w, o+ nQ

o = (Bu+2n) 5

Exemple of an ion’s trajectory with

g:=01and a;,=0
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Motion inside a 3Dn?;u| trap

If the stablity condition is met, the solutions have the form :

u(r)=A S cncos[(B,+20)T1HB Y cpsin[(B, +2n)7]

n=—oo

z (mm)

n=—oo

Where c,, depends on a, and q,

The spectrum of the ion’s motion hence contains the
frequencies :

w B
Wy,n = (IBu + 2’7) 5 = ; +nQ = Wy, T+ n§2 Exemple of an ion's trajectory with

g-=01anda,=0
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Motion inside a 3D Paul trap

For a, and g, < 1, the ¢,, coefficient becomes quickly negigible with increasing n and the
motion can be viewed as a micromotion at frequency €2 superimposed on a macromotion at the

fundamental frequency w, o < 2

This approximation gets worse and worse as a, and g, grows since the higher order components

become non-negligible

I
-
L
[

J

g L /*f\
g, = 0.02 and
a, =107°
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Motion inside a 3D Paul trap

For a, and g, < 1, the ¢,, coefficient becomes quickly negigible with increasing n and the
motion can be viewed as a micromotion at frequency €2 superimposed on a macromotion at the

fundamental frequency w, o < 2
This approximation gets worse and worse as a, and g, grows since the higher order components

become non-negligible

o4 : 7

Xl

4z = 0.02 and ¢ =02anda, =10 g, —0.4anda, =10°°

a, =107°
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Motion inside a 3D Paul trap

For a, and g, < 1, the ¢,, coefficient becomes quickly negigible with increasing n and the
motion can be viewed as a micromotion at frequency €2 superimposed on a macromotion at the

fundamental frequency w, o < 2

This approximation gets worse and worse as a, and g, grows since the higher order components

become non-negligible

2mm

J)

g =0.2and a, = 10~°

g, = 0.02 and
a, =107°

— > /:“@ :j‘i:».i,jf:”ﬁ :“;

*

g, = 0.4 and a, = 10~° g, = 0.6 and a, = 1075
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Motion inside a 3D Paul trap

For a, and g, < 1, the ¢,, coefficient becomes quickly negigible with increasing n and the
motion can be viewed as a micromotion at frequency €2 superimposed on a macromotion at the

fundamental frequency w, o < 2

This approximation gets worse and worse as a, and g, grows since the higher order components

become non-negligible

%

SRR /g\
oy *

LA
qza=_0.§)g_asnd g =0.2and a, = 10~°
, =

[

w [ [
7 & &
LA TR e TR e
g =04anda,=10"° ¢g,=06anda,=10"° ¢g,=0.8anda, =10"°
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Motion of charged particles in a RF quadrupole trap

Reminder : to have a restoring force proportional to the distance one needs an electric

potential :
S o A% 4 py? + vz

And to obey Laplace’s equation, the solution A = —u = +1 corresponds to a linear Paul trap

In the case of a linear trap (of infinite length), the potential has the form :

X2—y2

® = [Upc + V; cos (Qt)]

203

Upc

s
Vy cos(Qt)
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Stability inside a linear Paul trap

Same kind of reasoning applies to this case so 6
x stable
y stable
Stability of the solution depends on Q/m, py, o—
Q, UDC and Vo
with slightly modified expressions of the :
Mathieu parameters : \
© 07— 7
a,=—a, = 4Unc Unc Q N\
Y 2 m AN h
-2 \\ g
2V Q
FEG T g —
Here the situation is fully symetric for x and y .

= the overlap region has a different shape.
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Stability inside a linear Paul trap

Stability of the solution hence depends on Q/m, py, Q,
UDC and Vo

Again, mainly the "first” stability region is used

For a = 0, the motion is stable for 0 < g < 0.908
For a m =100 u ion and a py =1cm trap if Upc =0,
that means :

™

o If V5 =100V, motion is stable for f = 3= >183 kHz

o If f =32 =1MHz, motion is stable for V, <2,97kV

x and y stable

=0.908
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Cooling with a RFmtrap

@ In nuclear physics, RF quadrupole traps
are mainly used for beam cooling and
bunching.

@ The trap is filled with buffer gas at low
pressure (~ 0,1-1Pa)

@ Collisions between the ions and the gas
atoms act as a drag force leading to a
decrease of the ion's mean velocity
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Cooling with a RF trap

@ In nuclear physics, RF quadrupole traps
are mainly used for beam cooling and
bunching.

@ The trap is filled with buffer gas at low
pressure (~ 0,1-1Pa)

@ Collisions between the ions and the gas
atoms act as a drag force leading to a
decrease of the ion's mean velocity

Energy of the ion (eV)

100

100 125 150 175

Time in buffer gas (ps)

Kinetic energy of an A = 100 ion in 1Pa of He
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Cooling with a RFntrap

@ In nuclear physics, RF quadrupole traps
are mainly used for beam cooling and
bunching.

@ The trap is filled with buffer gas at low
pressure (~ 0,1-1Pa)

@ Collisions between the ions and the gas
atoms act as a drag force leading to a
decrease of the ion's mean velocity

@ An axial DC potential ramp keep the ion
moving towards the exit of the RFQ
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Cooling with a RFmtrap

@ In nuclear physics, RF quadrupole traps
are mainly used for beam cooling and
bunching.

o The trap is filled with buffer gas at low
pressure (~ 0,1-1Pa)

o Collisions between the ions and the gas
atoms act as a drag force leading to a
decrease of the ion's mean velocity

@ An axial DC potential ramp keep the ion
moving towards the exit of the RFQ

@ This results in a lower transverse emittance

10 ions, ¢ = 0.2, a= 0 and Py =1Pa
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Cooling with a RF trap

Example : cooling of a 30 keV beam of “°K in shoot-through mode in a 90 cm-long RFQ filled
with ~ 1 Pa of He at room temperature.

angle (mrad)
angle{mrad)

Bpusilioﬁ {mm}
Before After

€(o5%) = 18m mm mrad €(95%) = 3™ mm mrad
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Bunching with a RF trap

59950
59945
59940 ”
59935 . |
59930 - / T ’

o025 | — |

se020 | {
59915 ’

DC potential (V)

59910

Once cooled the ions can either... E

59905

L P il - Ly - - il e Lo Lo Ll

300 400 500 600 700 800 900 1000 1100
Position on beam axis (mm)

g

59909

o be extracted from the RFQ continuously
(CW beam).

@ be trapped in a potential well at the end simulations by H. Guérin
of the RFQ and released periodically .
(bunched beam) -

59940

59935

59930
59925 /
E |/

s9020 | A—

DC potential (V)

59915 — |

59910

59905
|
‘ - TRR——— - - T = il bl L Ll )
300 400 500 600 700 800 900 1000 1100
Position on beam axis (mm)

59909 -
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Some examples of RFQCB - ISCOOL & GPIB

o po=20mm, V, up to 4kV
o RF is fed to 4 rods

o DC gradient is provided by 25 annular
electrodes with wedges towards the axis

DC segment
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Trappin,

Some examples of RFQCB - SHIRaC2

@ Aims at cooling up to 1 pA of 14 ions from 80
to 2 mmm mrad

@ po=5mm, V, up to 8kV
@ The 4 rods are segmented into 18 segments

o RF and DC are coupled for each segment to
create a DC gradient
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Some examples of RFQCB - LEBIT ion cooler and buncher

0 po=135mm, V; ~ 1kV
@ RF is fed to 4 rods

o Drag potential created by segmenting

diagonally an outer cylindrical electrode
into 2 pairs

@ Fraction of each electrode pair visible from
the inner part varies along the axis

Figures from S. Schwarz et al, Nucl. Inst. Meth. 816,131 (2016)

u-RFQ

Pre-cooler

RF
electrodes DC end
electrode

Injection
system

Retardation

electrodes . I DC Wedge

/& electrodes
HV Injection [/ n
electrode 7 NG TP~

Buncher

DC trap
electrodes .~

electrodes
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Penning traps J
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Trapping

The Penning way of tra?ping

— Upc

y=0 plane

Potential (v)

2=0 plane

Potential (v)

X(mm)

Static quadrupole potential
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Motion of a charged particle in a Penning trap

@ The axial motion is confined by the quadrupolar electric potential

—x? — y? 4222

¢:UDC 4d2
0

o For a particle with mass m and charge @ on the trap axis with no transverse velocity, the
motion is a simple harmonic oscillation at angular frequency w,

o QUpc
: md?

@ The radial motion is confined by the homogeneous magnetic field B

o If there was no electric field, the charged particle would simply have a circular motion at
the cyclotron angular frequency w,

Cyclotron angular frequency

_ o8
T m

We
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Motion of a charged particle in a Penning trap

When combining both fields, the force applied to the charge particle is :
F=Q(-Vo+7x8)
The equations of motion of the particle are then :

2
)"(:wc)'/—i—?zx

z=—wz simple harmonic oscillator
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Motion of a charged particle in a Penning trap

When combining both fields, the force applied to the charge particle is :
F=Q(-Vo+7x8)
The equations of motion of the particle are then :

2

)"(:wcy—i—?zx u=x-+1iy
w2 . . . + w?
- : z U=—iwx+ Z=u
Y =—wX+ 7)/ — < 2
. 5 2 . . .
z=-w’z Z= Wz simple harmonic oscillator

40/84



Motion of a charged particle in a Penning trap

When combining both fields, the force applied to the charge particle is :
F=Q(-Vo+7x8)
The equations of motion of the particle are then :

2

X=wy+ =x u=x+1iy
2 2
) o Tw? i — ik 4 W,
y:_wcx_’_?y i u= lweX 5
5o 2 . . .
7= —w?z Z=-wz simple harmonic oscillator
2
. . . . . w
For the radial part, looking for solutions of the form : u oc e=*, one finds : w? — w.w — ?Z =0
. . We T y/We — 2wy /w2 —-2w?  w, w?
The eigenfrequencies are then : wy = = ? T iy

40/84



Eigenmotions - what it looks like

projection on radial plane
—— total

The motion is the compound of 3 eigenmotions
with angular frequencies :

@ w, (axial motion) : harmonic oscillation
between endcaps

o w, (modified cyclotron motion) : around
B field lines

@ w_ (magnetron motion) : much slower
E x B drift around trap center

(unrealistic ratio between the eigenfrequencies)
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The motion is the compound of 3 eigenmotions
with angular frequencies :

® w, (axial motion) : harmonic oscillation
between endcaps

o w, (modified cyclotron motion) : around
B field lines

@ w_ (magnetron motion) : much slower
E x B drift around trap center

projection on radial plane
---- magnetron only
-~ magnetron + axial
—— total
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Eigenmotions - what it looks like

The motion is the compound of 3 eigenmotions
with angular frequencies :

® w, (axial motion) : harmonic oscillation
between endcaps

o w, (modified cyclotron motion) : around
B field lines

@ w_ (magnetron motion) : much slower
E x B drift around trap center

projection on radial plane
—— total

-0.50

-0.75

-1.00

[
_4 - G

(realistic ratio between the eigenfrequencies)
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Tr

Eigenfrequencies

m=150u, B=4T, q=+e

These angular frequencies are linked by : _—
Wy +w_ = w, J : T
And also i

Invariance theorem

% 0 ) 0 0 o0

2 2 2 2
w++w_—|—wz—wc

Potential well depth (V)

m=150u, V=25V, q=+e

And the ion motion is stable only if : =
Trap stability condition

Wy > w_ <= wc>\/§wz

Angular frequencies (/s)

Usually, w, ~w, > w, > w_

T 7 3 0 g i 7

8 feld (1) 42/84



How it looks like in practice

Entrance Optics Injection Optics oK Pering Trop Extraction Optics Exit Optics
(ENTO1~ ENT10) (IN101 - 1N310) (EXTO1~£XT11) (ouT01 - 0UTI0)

A

d
Distance from center (cm)

Strong and very homogeneous magnetic field => costly and cryogenic + care for materials
needed
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Penning trap techniques |

"Never measure anything but frequency !"
(Arthur L. Schawlow)
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Playing with the eigenmotions - quantum point of view

o We have studied the motion in a classical
way but it can be of course be treated
fully quantum mechanically

o Noteworthy : negative energy for the
magnetron motion

@ Each of the eigenmotions can be
individually manipulated by applying a
resonant RF excitation at the
corresponding eigenfrequency

hw,

Modi

fied

cyclotron

hw,

Axial
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RF excitation

For the radial motions, this requires segmentation of the electrodes

ot Upr 4
m——Upr X
7 S
yd
Dipole excitation Quadrupole excitation
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RF excitation

For the radial motions, this requires segmentation of the electrodes

y

— o Upp — Uy
m——Ugr zl—‘ zo[—v
X X

Dipole excitation Quadrupole excitation
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Amplifying the magnetron motion

hw,

Modified
cyclotron

hw,

hw,

Axial

(ww) z

‘\mm\
Dipole excitation at w = w_

(not mass selective !)
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Amplifying the magnetron motion

— Dipole excitation at w -

hw, .
B
g o
hw,  —
hw,
- X (mm)
Modified Dipole excitation at w = w_
cyclotron Axial agnetron

(not mass selective !) )
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Amplifying the axial motion

hw,

Modified
cyclotron

hw,
_— £
£
hw,
X (mm) ¢
Dipole excitation at w = w,
Axial agnetre

(mass selective) oe
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Amplifying the axial motion

hw,

Modified
cyclotron

hw,

hw,

Axial

z (mm)

Dipole excitation at w,

X (mm)

Dipole excitation at w = w,

(mass selective) )
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Amplifying the modified cyclotron motion

o

X (mm)

Modified Dipole excitation at w = wy

cyclotron Axial agnetrc

(mass selective) oe
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Amplifying the modified cyclotron motion

hw,

Modified
cyclotron

—. Dipole excitation at w +

hw, .
£
g o
hw,
) X (mm)
Dipole excitation at w = w,
Axial agnetron

(mass selective) )
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Converting one motion into another

hw,
— £
- £
hw, T —
hw,
—_— X (mm) °
Modified Quadrupole excitation at w = w,
cyclotron Axial t

(mass selective) )
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Converting one motion into another

hw,

Modified
cyclotron

Projection onto radial plane

y (mm)

hw,

X (mm)

Quadrupole excitation at w = w,
Axial

(mass selective) )
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Converting one motion into another

hw,

Modified
cyclotron

hw,

Axial

Projection onto radial plane

y (mm)

X (mm)

Quadrupole excitation at w = w,

(mass selective)
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Converting one ion into another

hw,

Modified
cyclotron

Projection onto radial plane

y (mm)

hw,

X (mm)

Quadrupole excitation at w = w,
Axial

(mass selective) )
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Converting one motion into another

hw,

Modified
cyclotron

hw,

Axial

Projection onto radial plane

y (mm)

-6 -4 -2 o 2

X (mm)

Quadrupole excitation at w = w,

(mass selective)
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Converting one motion into another

—— magnetron —— modified cyclotron
104 . Projection onto radial plane
0.8+
.
i 0.6
=g
e 2
0.4+
g
024 E ©
=
0.0
0 T 2T 3T, -2
Duration of the RF excitation
N
Time needed for one full conversion :
Wy —w_ ,m By, = E ; ; :
T. =2 == 27 5
g — P_ p x (mm)

~= —
Urr Q Urr

Quadrupole excitation at w = w,
with By =7T, ugr = 10mV and p_(0) =

1mm, T, =700 ps (mass selective) o



Converting one motion into another

Excitation during t=T,

o If the excitation is not made exactly at the
right frequency, the conversion efficiency is
decreased

Conversion efficiency
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Converting one motion into another

o If the excitation is not made exactly at the
right frequency, the conversion efficiency is
decreased

o The longer the excitation, the narrower is
the resonance

Conversion efficiency

Excitation during t=0.5T
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Converting one motion into another

o If the excitation is not made exactly at the
right frequency, the conversion efficiency is
decreased

o The longer the excitation, the narrower is
the resonance

Conversion efficiency

Excitation during t=3T,
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Damping the motions

The motions can be damped in different ways
(resistive, sympathetic, laser cooling,...) but for
radioactive ions buffer gas cooling is generally
used

o A buffer gas at low pressure (~ 1073Pa) is
injected in the trap

@ The ions lose energy through the collisions
with the gas

z(mm)
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Buffer gas cooling with modified cyclotron or axial motion

@ Both axial and modified cyclotron motions
are damped when the ions collide with the
buffer gas = p; = po,; exp~ "

o The damping rate depends linearly on the
gas pressure and inversely on the ion

mobility
Q1 pTy wy Q 1 pTy
oy =+— e o, = —
m [jon PNT Wy — W m [ion pNT

y (mm)

Cyclotron motion only (with damping)

X (mm)
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Buffer gas cooling with magnetron motion

Magnetron motion only (with damping)

@ On the contrary, the magnetron motion is ’
slowly amplified by the collisions with the
gas ¢

@ This is due to the negative energy of the
magnetron motion

54/84



Axialisation

z (mm)

@ All three motions of a given species can be
damped at once by coupling buffer gas
colling with a quadrupolar excitation at w,

@ This is hence mass selective
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Axialisation

Projection onto radial plane

@ All three motions of a given species can be :
damped at once by coupling buffer gas f
colling with a quadrupolar excitation at w,

y (mm)

@ This is hence mass selective
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ToF-ICR

o If the ion has a non-zero radial velocity, it also has an associated

. ¢ 7 Qur®

magnetic moment ji = €,

g M o

@ This corresponds to a radial energy £ = —|i - B B

=

@ When ejected toward a detector, ions travel through the B field
gradient and are accelerated by a force F = —ﬁé’p =V (ﬁ~ é)

o For a given radius of the trajectory inside the trap, the

accelerating force will hence be higher for a modified cyclotron
motion than for a magnetron one
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ToF-ICR

The time of flight of a particle of charge Q to a
detector outside the magnet is given by :

= \/g/ Ve - ovt) ~/B(2)

where &, is the total kinetic energy of the ion,
V/(z) the electric potential
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ToF-ICR

The time of flight of a particle of charge Q to a
detector outside the magnet is given by :

m [Fe dz
T =./=
' \/:/ V& — QV(z) - 1B(z)

where &, is the total kinetic energy of the ion,
V/(z) the electric potential

ToF-ICR method : apply a quadrupolar
excitation at different w to ions with some —
magnetron motion

The better the conversion from magnetron to H

cyclotron, the shorter the time of flight M/W
S 3
B

The mass of the ion is then m = — v ve (Fe)

We

= T; = f(w) has a dip at w,

ToF of 115Ry ions at JYFLTRAP (100ms)
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ToF-ICR

Drift Interval 165 29 Aug RegionB

. 3 15 %2/ ndf 298.4 / 43974
As the measured quantity is the cyclotron PO 0089910007856
1 p1 -0.001302 + 9.035e-06

frequency...

05

DeltaB/B0 (ppm)

|

You never know the mass at a relative precision
better than the one of the magnetic field !

= B field measurement mandatory at each
"mass”’ measurement

| | |
20 40 60 80 100 120 140
Time (h)

The w, of a "reference” ion (of well known mass) must be measured before and after an
unknown mass measurement
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ToF-ICR

Drift Interval 165 29 Aug RegionB

. 3 15 %2/ ndf 298.4 / 43974
As the measured quantity is the cyclotron PO 0089910007856
1 p1 -0.001302 + 9.035e-06

frequency...

05

DeltaB/B0 (ppm)

|

You never know the mass at a relative precision
better than the one of the magnetic field !

= B field measurement mandatory at each
"mass”’ measurement

| | |
20 40 60 80 100 120 140
Time (h)

The w, of a "reference” ion (of well known mass) must be measured before and after an
unknown mass measurement

Other things to be carefully taken into account : misalignment, tilt, machining imperfetions,
high order components for the fields (>2 for E, >0 for B), space charge effects, ...
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Ramsey time-separated oscillatory fields

ToF-ICR has been the workhorse of nuclear mass-measurements for more than 30 years but
several other methods have been developed to boost the precision

o In Ramsey's method, the RF excitation is
split in 2 (or more) pulses with a waiting
period in between

nnnnnnnnnnnnnnnnnnnnnnnnnnnn

50 /84



Ramsey time-separated oscillatory fields

ToF-ICR has been the workhorse of nuclear mass-measurements for more than 30 years but
several other methods have been developed to boost the precision

Conversion efficiency

@ In Ramsey’'s method, the RF excitation is
split in 2 (or more) pulses with a waiting
period in between

@ This results in sharper resonance

@ The waiting period needs to be
(significantly) longer than the 2 pulses to
get a real benefit

To/Te
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Ramsey time-separated oscillatory fields

ToF-ICR has been the workhorse of nuclear mass-measurements for more than 30 years but
several other methods have been developed to boost the precision

o In Ramsey’'s method, the RF excitation is ] i
split in 2 (or more) pulses with a waiting 2 :
period in between N (e

@ This results in sharper resonance é = -

@ The waiting period needs to be .

T T T
808525 808565 808605

(significantly) longer than the 2 pulses to

Frequency (Hz)
get a real benefit

Ramsey ToF of 1335 ions at JYFLTRAP (10ms-30ms-10ms)
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Phase-imaging ion-cyclotron-resonance

@ The most precise mass-measurement method to date is the PI-ICR technique

o Independent measurement of w_ and w, by preparing the ions in a pure magnetron or
modified cyclotron state, letting them evolve freely during an accumulation time and then
extracting them towards the detector

@ Requires a position-sensitive detector ! (delay-line MCP)

Injection of ions in the trap
(motions damped)

2 Extraction of ions

Yd

End of step 1
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Phase-imaging ion-cyclotron-resonance

@ The most precise mass-measurement method to date is the PI-ICR technique

o Independent measurement of w_ and w, by preparing the ions in a pure magnetron or
modified cyclotron state, letting them evolve freely during an accumulation time and then
extracting them towards the detector

@ Requires a position-sensitive detector ! (delay-line MCP)

1| [} "miection of ions in the trap
motions damped

3 l Extraction of ions

Gﬂ\ |

End of step 2 v ° °
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Phase-imaging ion-cyclo

@ The most precise mass-measurement method to date is the PI-ICR technique

o Independent measurement of w_ and w, by preparing the ions in a pure magnetron or
modified cyclotron state, letting them evolve freely during an accumulation time and then
extracting them towards the detector

@ Requires a position-sensitive detector ! (delay-line MCP)

1| [ riection of ions in the trap
(motions damped)

Quadrupole excitation
(m-pulse) at .

Yd
4 Extraction of ions

Measurement of
reference position

-~

)

End of step 3
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Phase-imaging ion-cyclo

@ The most precise mass-measurement method to date is the PI-ICR technique

o Independent measurement of w_ and w, by preparing the ions in a pure magnetron or
modified cyclotron state, letting them evolve freely during an accumulation time and then
extracting them towards the detector

@ Requires a position-sensitive detector ! (delay-line MCP)

1| [ riection of ions in the trap
(motions damped)

Quadrupole excitation
(m-pulse) at w,

Yd
4 Extraction of ions

Phase accumulation time M?

xn
fo
Step 4 Total phase accumulation: 2w X k_ + ¢_
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Phase-imaging ion-cyclotron-resonance

@ The most precise mass-measurement method to date is the PI-ICR technique

o Independent measurement of w_ and w, by preparing the ions in a pure magnetron or
modified cyclotron state, letting them evolve freely during an accumulation time and then
extracting them towards the detector

@ Requires a position-sensitive detector ! (delay-line MCP)

1| [ riection of ions in the trap
(motions damped)

Quadrupole excitation
3 (m-pulse) at w,
H Ya
4 Extraction of ions
: R
Y ( \
] Ny
Phase accumulation time -’
-
’

Measurement of

modified cyclotron
frequency

Step 4 Total phase accumulation: 2 X k. + ¢,
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Phase-imaging ion-cyclotron-resonance

and Modified cyclotron
| I I T | | I
o All ions are "useful” s i i
T I E
o Higher resolving power £ L £ i
>\.m7 . A,mf Ground, Isomeric
. . . tats state
@ Much easier to identify states that would il I |
be mixed in ToF methods —— I —
x (mm) x (mm)

PI-ICR of 113Ru ions at JYFLTRAP (100ms accumulation time)
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Sideband cooling

@ RIB are usually contaminated

Reminders : o buffer gas axial and modified cyclotron motions are damped while
magnetron motion is amplified

This can be exploited to remove contaminants in a "cocktail” bunch of ions!
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Sideband cooling

@ RIB are usually contaminated

Reminders : o buffer gas axial and modified cyclotron motions are damped while
magnetron motion is amplified

This can be exploited to remove contaminants in a "cocktail” bunch of ions!

o Excitation of all ions with dipolar
pulse at w_ to a large p_ orbit

@ Quadrupole excitation at w.
(mass-selective) is then applied to
recenter only the ion of interest

o Ejection towards diaphragm = only
centered ions can go through

o Mass resolving power : R ~ 10°
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Dipole cleaning at w

Simply drive the contaminants far from
the axis by exciting their modified
cyclotron motion

A dipole excitation at the contaminant'’s
w., frequency is applied

Can be done until the contaminant
reaches the electrode radius but easier
with a diaphragm

Can be either broadband (short pulse and
high amplitude) or high-resolution (long
pulse and low amplitude)

No gas needed but necessary to know
what the contaminants are!

R up to 10° possible depending on time
available for excitation

P+

—— contaminant
—— ion of interest

I'diaphragm

e
AN

Set frequency around
here to remove
contaminant

V

— W4




Ramsey cleaning

f— contamlnant
—— ion of interest
L. . [ R Idiaphragm
@ Same principle as the dipole cleaning but
applying two (or more) pulses interleaved
with waiting period(s)
o Higher resolving power (narrower
linewidth)
@ R ~ afew 10° possible depending on

P+

time available for excitation Set frequency amund
here to remove
contamlnant
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PI-ICR cleaning

1 Injection of ions in the trap
(motions damped)

o ldea quite similar to the mass f
. J Dipole excitation ,
measurement technique

3 o B
o Excite modified cyclotron motion Center ions of inteest
4 Decenter in
@ Let contaminants accumulates phase Exaction o s ||
difference with ion of interest o et e
Ya Ya

o Apply a dipole excitation at the right time

to align ion of interest (only) with a 4
. * ‘ 1L
collimator / x,, & :
&5

o R ~ a few 107 reachable @&

&
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MR-ToF MS )




Basic of ToF spectrometry

o lons with different masses m; but same o m<m } same kinetic energy
kinetic energy K have different velocities
[ Y == o ________ >z
*— *~— "~
@ Starting from a position at a given time, N
the heavier ions will hence take more time §
to travel through a given distance d 5
5
=
m &
:> R = 2
Am 2At s

Resolution limited by path length d, energy dispersion AK and initial time dispersion At, )
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o Basic way to improve the ToF mass
spectrometry : correct for energy
dispersion

@ By using an electrostatic mirror with
growing voltages on a set of electrodes, the
ions with a higher kinetic energy travels a
longer way before getting reflected

Potential on axis (V)

o K,
°® K,>K;

> same mass

U, U, U, U, Uy Uy U,
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MR-ToF MS

o First attempt to build a mass separator by
the multi-reflection technique dates back
to 1960 (residual gas analyzer)

@ Very poor resolution !

@ lons produced directly inside the cavity

Steuerelektrode
\

-

Kathode . <.

Ne
N

222222277227774

Verlauf des ’
Potentials — ¢
langs der Achse

FiG 2. The arrangement of the electrodes and the shape of the electric
potential ¢ along the axis

W. Tretner, Vacuum 10, 31 (1960)
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MR-ToF MS -

Potential on axis (V)

Uy Uy Uy Uy U Us Uy

lons enter the device ... o Voltages tailored to achieve minimum

o either by switching potentials of the bunch length on the detector or selection
entrance mirror to values U; such that device
qU,' <K

o Lens electrodes on each side for stable
@ or by using a pulsed drift tube to lower the trajectories

ions energy once inside @ Mass resolving power R ~ 10°
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MR-ToF MS

° t:aﬁ+b

@ a and b must be determined by calibration with
known masses m; and m,

For an unknown ion mass m having a ToF t and
known masses m; with ToF ¢; :

R. N. Wolf et al. NIM A 686, 82 (2012)

1 2
m = CTOF(\/ml—\/mQ)‘F5(\/m1+\/m2) R:%%2X105

2t—t — t

here Cror =
wnere Crr 2(t1 — t2)
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Removing the contaminants

@ The multi-reflections process separates v
e

the purification itself

@ A Bradbury-Nielsen gate is used to remove
the contaminants from the beam v

o It relies on a fast switching of the voltage
on a grid of thin wires
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Removing the contaminants

@ The multi-reflections process separates
spatially the species but does not provide
the purification itself

@ A Bradbury-Nielsen gate is used to remove
the contaminants from the beam

o It relies on a fast switching of the voltage
on a grid of thin wires

o Gate is open only for a small duration
when ions of interest arrive on the BN gate

Gate opened
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Removing the contaminants

The multi-reflections process separates
spatially the species but does not provide
the purification itself

A Bradbury-Nielsen gate is used to remove
the contaminants from the beam

It relies on a fast switching of the voltage
on a grid of thin wires

Gate is open only for a small duration
when ions of interest arrive on the BN gate

The opposite voltages between
neighbouring wires when gate is closed
deflect the contaminants away from the
beam axis

Time focusing on the BN gate to get best
R

+U
-U

Gate opened

Gate closed
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What nuclear physics can be studied with traps ?|
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Laser spectroscopy

Measurements of size, shape and electromagnetic moments of radioactive nuclei through
hyperfine structure...

@ Requires trap(s) to cool and bunch the ion bunches

o Benefits from the help of traps for identification (trap assisted laser spectroscopy)

See lain and Ruben’s lectures
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Precision studies of the weak interaction through (5 decays

Universality of the weak interaction (W and Z bosons interacts universally with all fermions,
i.e. same coupling constant)

v, u
no Ve d Ve
w- w-
e” e”
Purely leptonic decay Semi-leptonic decay

Experimental values are pretty much the same...
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Precision studies of the weak interaction through (5 decays

Universality of the weak interaction (W and Z bosons interacts universally with all fermions,
i.e. same coupling constant)

v, u
no Ve d Ve
w- w-
e” e”
Purely leptonic decay Semi-leptonic decay

Experimental values are pretty much the same...

... but not exactly
G,.— = 1,166 378 7(6) x 107° (hc)3/GeV2 GV — 1,136(3) x 10~3 (hc)3/GeV2 _ 977 4% GF
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The CKM matrix

d d s b
u Ve u Ve u Ve u Ve
_W+<< = Vi X _W<w< + Vs X _W<w< + Vi _W<w<
et et et et
d’ d
Without quark mixing, the 3 family would not be coupled s’ = Mcxm X s
b’ b
——— ———
Weak eigenstates Mass eigenstates
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The CKM matrix

s b
u Ve u Ve u Ve u Ve
—M/+<\< = Vud X _VV+<‘< + Vus X _VV+<‘< + Vub X _VV+<‘<
et et et et
d’ d
Without quark mixing, the 3 family would not be coupled s’ = Mcxm X s
b’ b
——— ——
Weak eigenstates Mass eigenstates
Via Vs Vo 0.97373(31) 0.22506(50) 0.00357(15) Values not
_ v v ve|_|o020492(50) 0.97351(13) 0.0411(13 predicted by
Mecwm = d bl = (50) (13) (13) the SM =
Vi Vi Vi 0.00875(*%3) 0.0403(13)  0.99915(5) must be
measured !

In the Standard Model, the Cabibbo-Kobayashi-Maskawa matrix has to be unitary
= Vg +Ve+ V=1

76/84



Compared half-lives

@ V4 is by far the dominant term of the first row and T
column

@ It is best measured using super-allowed
transitions between J™ = 0" isobaric analog states

@ To trace back to V4, 3 quantities are needed :

o The energy Q released in the decay
o the half-life T of the parent state
o the branching ratio of the 8 decay to the IAS

T € 23R’ In2 1
A=fQ)=(1+=) =
t (Q)R < * 6) mec*  2GEV,q?
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Compared half-lives

o V4 is by far the dominant term of the first row and

column

@ It is best measured using super-allowed 7

transitions between J™ = 0" isobaric analog states

@ To trace back to V,4, 3 quantities are needed :
o The energy Q released in the decay
o the half-life T of the parent state
o the branching ratio of the 8 decay to the IAS

ft = f(Q)% <1 +

g

B

>_

_2m°hIn2

1

mec*

2G2V,.2

3090

3080 - *

3070
—_
» L
—
& 3060 {

3050 | { '].i"*

3040 - %'

3030

ft constant at the % level
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Compared half-lives

o V4 is by far the dominant term of the first row and 3000
column

o It is best measured using super-allowed 3" 3080 1 +
transitions between J™ = 0" isobaric analog states —

»
~’3070
4

> | g :
@ To trace back to V,4, 3 quantities are needed : s
The energy Q released in the decay
the half-life T of the parent state
the branching ratio of the £ decay to the IAS

3060

3050

z
T € 2R In2 1 — =
ft=f = 1 - = = g = 0
t=1f(Q)% < + 6) R TV Ft =3072,24(57)s = & = 0.02%
o However some theoretical corrections must be done e S ]
to get a "true” constant : 20117 ndoobo i fa =

«— CGSO9PR (2009)

Calculated 8 (%)
T
L

23R In 2 1 \
I'I"IEC4 (1 + AR) QGE Vud2 o5 o B

P
T
1

Ft = ft (14 %) (14 dns — dc) =
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Why are traps needed in this business

o All of the recent Q values involved in the 0 — 0 study
are directly measured with a Penning trap

2Mg™ 500 ms excitation

sk

al }Jiq %}H
% sk
2
i 2f ]
s j
§
g sof 1
=l ]

4l ]

47

2 ) 3
581990 581992 58199 58199 58199 582000
Frequency (Hz)
Zmg™ 500 ms Ramsey excitation

56 |

54l
®
<3
=52t
S
°
€ 50t
O
=

481

46 L
2 2 2 2 2 2
987 990" 287 99, 287 99, 507 9g5" 61 995" %2y,
Frequency (Hz)

M. P. Reiter et al., Phys. Rev. C 96, 052501(R) (2017)
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Why are traps needed in this business

@ All of the recent Q values involved in the 0 — 0 study
are directly measured with a Penning trap

@ When measuring the half-life or branching ratio, purity of
the collected sample of nuclei is crucial to get results
precise at the %o level

@ This is especially true when the beta feeding is highly
fragmented leading to many weak branches
(Pandemonium effect)

o

e

0.0 152.0Ms 6

Qlgs}-8151 kev 8 %) Logft

€:100%
008 a6 M o amse
157

00a051 1 a0z
027

015 ag 1t .5
36434

o085 a1a 1t 33801
3360

070 ase 1t .2

147 236 X 268230 0038

5
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a
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75
742 340 O l o 28310Ms

extracted from the NuDat 2 database
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Nuclear structure studies

@ Mass measurement gives direct access to
particle separation energies

Son=[M(A-2,2) 4+ 2M(n) — M(A, Z)] %

@ Trends in the evolution of these particle
separation energies are good indicators of :
structure effects

Neutron number N

@ Sudden changes in the trends reveal shell

Adapted from M. Wang et al., Chinese Physics C 45, 3, 030003 (2021)
closures or nuclear shape change
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Nuclear structure studies

@ Close to '®Sn, heaviest N = Z nucleus

o M('Sn) deduced from M('®°In) and @
measurements at GSI and RIKEN (at odds)
o “7%n produced at ISOLDE and studied with
ISOLTRAP
o Cooling and bunching with the RFQ
o Purification with the MR-ToF MS
o Mass measurement

o with the MR-ToF MS %In (low yield)
o with Ramsey-ToF (1%In)
o with PI-ICR (10%In)

@ Questions validity of either the expected trends for a

doubly magic nucleus or the most precise measurement
of 1°Sn

M. Mougeot et al., Nat. Phys.(2021)

https://doi.org/10.1038/541667-021-01326-9
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Nuclear structure studies

o Close to '®Sn, heaviest N = Z nucleus

o M("Sn) deduced from M(**°In) and Q;
measurements at GSI and RIKEN (at odds)

o %7n produced at ISOLDE and studied with
ISOLTRAP
e Cooling and bunching with the RFQ
o Purification with the MR-ToF MS
o Mass measurement
o with the MR-ToF MS ®In (low yield)
o with Ramsey-ToF (1%In)
o with PI-ICR (1°ln)
@ Questions validity of either the expected trends for a

doubly magic nucleus or the most precise measurement
of '%°Sn

Mean time-of-flight (us)

-5 -4 -3 2 -1 0 1 2 3 4 5
Excitation frequency - 911256.5594 (Hz)

M. Mougeot et al., Nat. Phys.(2021)

https://doi.org/10.1038/541567-021-01326-9
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Nuclear structure studies

o Close to 'Sn, heaviest N = Z nucleus

o M('Sn) deduced from M('®°In) and @
measurements at GS| and RIKEN (at odds)
o *n produced at ISOLDE and studied with
ISOLTRAP
o Cooling and bunching with the RFQ
o Purification with the MR-ToF MS
o Mass measurement
o with the MR-ToF MS In (low yield)
o with Ramsey-ToF (1%In)
o with PI-ICR (10%In)
@ Questions validity of either the expected trends for a
doubly magic nucleus or the most precise measurement
of 1S

Y position (mm)
o
o
8
8
g
° 03
«
.

-12 -8 -4
X position (mm)

M. Mougeot et al., Nat. Phys.(2021)

https://doi.org/10.1038/s41567-021-01326-9
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Nuclear structure studies

o Close to '®Sn, heaviest N = Z nucleus

o M(**Sn) deduced from M('*In) and Qg
measurements at GSI and RIKEN (at odds)
o %7n produced at ISOLDE and studied with
ISOLTRAP
o Cooling and bunching with the RFQ
o Purification with the MR-ToF MS
o Mass measurement
o with the MR-ToF MS ®In (low yield)
o with Ramsey-ToF (1%In)
o with PI-ICR (10%In)
@ Questions validity of either the expected trends for a

doubly magic nucleus or the most precise measurement
of 1°Sn
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M. Mougeot et al., Nat. Phys.(2021)
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https://doi.org/10.1038/541567-021-01326-9
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Mass measurements for nuclear astrophysics

@ Roughly half of the natural
abundance of the heavy elements
produced by processes taking
place far from stability

Mass Excess error [MeV]
0013 025 038 05
SEEEEEEEEEEEE
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Mass measurements for nuclear astrophysics

o Roughly half of the natural

abundance of the heavy elements
. LETTER
produced by processes taking
HR Origin of the heavy elements in binary neutron-star
place far from sta bl l Ity megers froma ggvitationalfwave el;/};nt

@ Most of it due to r-process but
astrophysical sites where it
happens still debated
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Mass measurements for nuclear astrophysics

o Roughly half of the natural
abundance of the heavy elements
produced by processes taking
place far from stability

Most of it due to r-process but
astrophysical sites where it
happens still debated

Final abundances depends on site
characteristics : temperature,
density, neutron richness,etc.
and the balance between rates of

e (n7)
e ('77 n)
o [ decay
o [3-delayed n emission
o (fission)
all along the path




Mass measurements for nuclear astrophysics

o Each of the potential r-process
site have distinct characteristics

@ One could expect the final
abundance pattern should then
point out the production site

[CJLong-lived
Estimated
Mass Excess error [MeV]

0 013 025 038 05
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Mass measurements for nuclear astrophysics

o Each of the potential r-process
site have distinct characteristics

@ One could expect the final
abundance pattern should then
point out the production site

@ Most of the process takes place
in very poorly or even not known
regions of the nuclide chart

@ Uncertainties make the
calculations accuracy too low for
precise predictions

[CJLong-lived
Estimated

Mass Excess error [MeV]
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Mass measurements for nuclear astrophysics

@ Each of the potential r-process
site have distinct characteristics

@ One could expect the final
abundance pattern should then
point out the production site

@ Most of the process takes place
in very poorly or even not known
regions of the nuclide chart

@ Uncertainties make the
calculations accuracy too low for
precise predictions

@ It is then crucial to decrease the
uncertainties, especially on mass
values (and the mass models
based on knwon masses)

Deviation to FRDM ground state mass excess (MeV)

Z=66

—— FRDM2012
—— Duflo-Zuker
SLy4
—— UNEDFO

AME2012

75

80

85

95

100

105
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Mass measurements for nuclear astrophysics

@ Sensitivity studies highlight the impact of
nuclei around *2Sn

~
S

60

o Several experiments done to improve
precision of the masses in this region
(often known only through (-decay
endpoint before)

I
S

Proton Number (Z)

»

Neutron star merger

60 70 80 90 100 110 120 130
Neutron Number (N)

M.R. Mumpower et al., Prog. Part. Nucl. Phys. 86, 86126 (2016)
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Mass measurements for nuclear astrophysics

@ Sensitivity studies highlight the impact of MCP for Tk
. etection
nuclei around *2Sn
Precision
Penning trap
@ Several experiments done to improve
precision of the masses in this region Alkali Preparation
ion source Penning trap
(often.known only through (-decay SOLDESOKY wQ_ mmorws
endpoint before) ion beam ¢ —P;,t'i,}—
. 550
=4
E 500
=y
E 450 4
<
2 400
= 3509
E 300 4 -

-30 0 20 -10 0 10 20 30
(excitation frequency - 700894) / Hz

Events /4 ns

13.7980  13.7985  13.7990  13.7995  13.8000
time of flight / ms

D. Atanasov et al., Phys. Rev. Lett. 115, 232501 (2015) 83/84



Mass measurements for nuclear astrophysics

@ Sensitivity studies highlight the impact of
nuclei around *°Sn

o Several experiments done to improve
precision of the masses in this region
(often known only through S-decay
endpoint before)

Mass fraction

MCP for ToF
detection

Precision
Penning trap
Alkali Preparation
ion source Penning trap
ISOLDE 50 kV MR-ToF MS
ionbeam ) — || —
»! EmMP
T 0.017 ey . .
10! f f =~ AMEI2
L Solar —o—New %
ﬂ 0.013 n
e b
10? i Observed‘ solar .
3 abundance N
.
.
10° \ V
3 0.004 % ‘-: L]
. %
e !
l
10 Ll n T 000

80 100

120 140 160 180.

122 124 126 128 130 132 134 136

D. Atanasov et al., Phys. Rev. Lett. 115, 232501 (2015)
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Mass measurements for nuclear astrophysics

@ Sensitivity studies highlight the impact of
nuclei around *2Sn

@ Several experiments done to improve
precision of the masses in this region
(often known only through (-decay
endpoint before)

Counts per 5x 105 u
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10000

»

50 Hz
Bunched Beam

1000

100

10

1

~—Lasers On
— -Lasers Blocked

prve
A

127900 127905 127910 127915

Mass (u)

280+ g
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M. P. Reiter et al., Phys. Rev. C 101, 025803 (2020)
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Mass measurements for nuclear astrophysics

@ Sensitivity studies highlight the impact of
nuclei around '**Sn

@ Several experiments done to improve
precision of the masses in this region
(often known only through S-decay
endpoint before)

@ New network calculation needed to see the
impact on r-process abundances but many
new values with some 10 keV since
AME2016 !
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Conclusion

@ Hope you are convinced that traps are
powerful tools for nuclear physics studies

@ More than 30 years of trapping for nuclear
physics but still very dynamic field
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Conclusion

@ Hope you are convinced that traps are
powerful tools for nuclear physics studies

@ More than 30 years of trapping for nuclear
physics but still very dynamic field

@ Several new traps and new RIB-facilities

are about to start up in coming years - 22 \s— STD -
: "“ Spira DE‘ IR

Exciting time to come!
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