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Why do we need cooling charged particles ?

Improve phase-space density (beam emittance)

Reduce Doppler broadening to increase spectroscopy resolution

λ
ν velocity=∆

charged particule trap depth D ~ 0.1 … 10 eV

DTkB ≈
2

3
T ~ 700 .. 70 000 K

example

molar mass 20, v = 930 .. 93 000 m/s

Doppler effect = 930 MHz .. 93 GHz for λ = 1 µm



Doppler effect
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H2 2 300 1930 5.2 GHz

4 223 605 MHz

N2 28 300 515 1.4 GHz

77 261 710 MHz

Rb 85 300 296 804 MHz
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• Ions • Trap depth ~1 eV    uncooled   T ~ 7000 K
M~28, secular velocity v ~ 2500 m/s, ∆ν ~ 5 GHz

• Paul traps  →  harmonic  micromotion → motional sidebands at Ω

For high resolution experiment : suppress the Doppler effect !

Two-photon spectroscopy   or   Lamb Dicke regime

1st order Doppler effect

Lν

Ω

ν



2d order Doppler effect
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H2
+ : m=2,     7000 K → -10-9, 300 K → - 4. 10-11, 10 mK → -10-15

Residual micromotion   a~1µm at Ω~2π x 10 MHz   

Hg+ : m=199,                           300 K → - 4. 10-13

Nous ne pouvons pas afficher l’image.
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Radiative cooling



Radiative cooling
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• Electron         in a Penning trap    B= 2 T,   ωc = 56 GHz,  Q = 1.6 10-19 C, m = 9.1 10-31 kg

τ = 0.65 s

• Ions       m > 1836 me,  ω << ωc (~1/m)

τ ~ m3 ~ ∞

Only works for cyclotron motion
of e- or e+ in high B fields

Equilibrium with black body radiation
at the trap temperature 



Radiative cooling

3 x 105 e-

application to proton sympathetic cooling

Nested Penning trap

D.S. Hall, G. Gabrielse, Phys. Rev. Lett. 77, 1962 (1997)

4 K

Up to 104 protons



Resistive cooling



Resistive cooling
moving charges 

induced current
power dissipation in R

motion damping

Basic idea

Questions

• What is the damping time constant ?
• What is the equilibrium temperature of the ions ?

Method

• Link between the ion position z and I
• Newton’s law + electronics laws

equivalent circuit

I
R

z



Resistive cooling

• Gauss identity

V1

V2

V3

q1 q2

q3
q4

V’1
V’2

V’3

q’1 q’2

q’3
q’4

 =
i

ii
i

ii VqVq ''

• Charge moving in a parallel plate capacitor

3

2z0

z

1 2 )(''')(''' 332211332211 zVqVqVqzVqVqVq ++=++

0 0 00

0

0
2 2z

zz
qq

+−=

q
2

0

0 '
2

V
z

zz +

2z0

z

1 2

3

q’2

I

0

2

2z

zq

dt

dq
I

&
=−=

+

+
+
+
+
+

+
+
+

q2 ?



• Johnson-Nyquist noise
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Resistive cooling
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Electrostatic equation

Newton’s equation

Electrical equation

Image charge equation

)()()( tetRItU +=

)(2 zqEzmzm z +−= ω&&

02

)(
)(

z

U

dz

zdV
zE α−=−=U

z

zz
zV

0

0

2
)(

+= α

geometrical factor ≤ 1α
00 22 z

zq

z

zq
I

&& αα ==

Mechanical model

Resistive cooling
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Resistive cooling
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• Electron, z0 ~ 1 cm, α = 1, R = 1 MΩ       → τ = 14 ms
• Ions (protons), z0 ~ 1 mm, a = 1, R = 1 MΩ → τ = 260 ms

• Very efficient for electrons
• Still works for ions
• Efficient for highly charged ions    q2 →  Z2q2

• Very usefull in Penning traps
…. also works in Paul traps
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Resistive cooling
Electrostatic equation

Newton’s equation

Electrical equation

Image charge equation
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04 electron L ~  14 kH

proton L ~ 260 kH !

The fluctuating voltage e(t) 
explains the evolution of the ions 

to thermal equilibrium 
with R at temperature T.

T = 300 K, 77 K or 4 K

See exercice !
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Resistive cooling
Mise en pratique

12C5+

z

Cryo-amplifier

Real coil and capacitor

G. Werth & al, IJMS 251, 152 (2006)
H. Häffner, EPJD 22, 163 (2002)

4 K
R



Resistive cooling

• Schemes to cool all the motional modes, not only axial, 
but also cyclotron and magnetron

• Axial and cyclotron : same idea

R

Current induced in a segmented ring electrode

Side band excitation technique 
to couple magnetron and axial motions

L.S. Brown, G. Gabrielse, Rev. Mod. Phys. 58, 233 (1986)
« Geonium theory »

• Magnetron motion



Resistive cooling

D. A. Church, H. G. Dehmelt, J. Applied Physics 40, 3421 (1969)

• 104 protons
• trap depths 2.6 and 10.4 eV
• TR= 300 K

Uncooled ions : T ~ depth/10 ~ 3000 K

Ions cooled down to ~ 900 K
÷3

in a Paul trap

Conclusion on resistive cooling

Efficient for low m/q particles in Penning traps in a cryo environnement



Buffer gas cooling



Buffer gas cooling

• Basic idea

Collisions of hot ions
with atoms/molecules

Leads to thermal equilibrium 
with the walls (T)

• Neutral gas mixture     at equilibrium    T1 = T2

• What about trapped ions ?

(both species collide with the walls)

Can we use any buffer gas ? Or only light ones ?
What is the ion equilibrium temperature ?



Buffer gas cooling

Collision cross section

Gaz pressure             

Mean free path

Collision rate

σ ~ 10-20 m2

P

TkB

σ
λ

2
=

P ~ 10-8 .. 10-4 mb ~ 10-6 .. 10-2 Pa

~ 30 km … 3 m

µπ
σ

Tk
PZ

B

8= ~ 400 /s … 0.04 /s

for He

collision rates  <<<  RF / secular frequencies in traps

perturbative approach

effect of a collision
mean effect of many collisions



Buffer gas cooling

Direct head-on collisions
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Buffer gas cooling in a Paul trap
• Y. Moriwaki, M. Tachikawa, Y. Maeno, T. Shimizu, 
Japanese Journal of Applied Physics 31, L1640 (1992)

• Y. Moriwaki, M. Tachikawa, T. Shimizu, 
Japanese Journal of Applied Physics 35, 757 (1996)
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Buffer gas cooling










−
−

+
−−=−=∆

mm

W
W

mm

mmm
WWW

nu

nu
u

n

nun
uuun

uu /1)(

)(2
2','',, ε

αε
τθτθ

1,0 ≥≥ uu αε

2/nBTk

depend on au and qu

Ion/neutral collisions

cooling if mn ≤ m/εu

• Collision rate
µπε

απγ
04

2 n
nn n=

• Mean effect of a collision

αn: atom/molecule polarisability

µ : ion-atom reduced mass
nn: atomic density



Buffer gas cooling

Ion/ion collisions

• Mean effect of a collision

• Collision rate
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Energy balance equation

Non trivial link between trapping conditions, masses 
and neutral and ion temperature



Buffer gas cooling

24Mg+ ions
r0 = 7.5 mm

Ω= 2π x 2.2 MHz
Tn = 290 K

P = 4.5 10-6 Torr

290

Conclusion
use a light buffer gas : 

He
H2 ! chemical reactions

ion temperature > gas temp.



Buffer gas cooling Application to µ-wave Hg+ ion clocks

Space applications : avoid laser cooling !

Jet Propulsion Laboratory, Pasadena, California
L. maleki

S1/2 40.5 GHz

P1/2

D5/2194 nm

282 nm

ν = 40.5 GHz   →  λ = 7.4 mm
trap size ~ λ : Lamb-Dicke regime
→  no 1st order Doppler effect

2d order Doppler effect
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300 K → - 4. 10-13

4.2 K  → -5.6. 10-15

10-16 accuracy

1 cm



Buffer gas cooling

O.V. Boyarkin, S. R. Mercier, A. Kamariotis,
T. R. Rizzo, JACS 128, 2816 (2006)

Application to molecular ion spectroscopy

Cryocooler
down to 6K

Protonated thyrosine

UV fragmentation spectrum

See also D. Gerlich work



Buffer gas cooling rotational cooling of polar molecular ions

1750 laser cooled Mg+

2750 sympathetically cooled MgH+

Degrees of freedom
translational vibrational rotational

Mg+ Laser cooling - -

MgH+ Sympathetic Frozen in v=0 Buffer gas

Sympathetic cooling has no effect on rotational distribution

A. K. Hansen & al, … M. Drewsen, Nature 508, 76 (2014)

10’s of mK 7 .. 60 K

Recent studies : H2
+ buffer gas cooling by He at 4 K 

S. Schiller & al. Phys. Rev. A 95, 043411 (2017), PhysRevA.95.043411, (2017)
J. Chem. Phys. 146, 124310 (2017)
Eur. Phys. J. D 71, 106 (2017)



Sympathetic cooling

Some interesting ions cannot be directly laser cooled

• Al+ cooling transition in the deep UV
• Molecular ions have no close transitions

• HD+ (S. Schiller Dusseldorf, J. Koelemeij, Amsterdam)
• CaH+, MgH+, SrH+, …
• species of biological interest
• Highly charged ions, 40Ar13+, 202Pb26+ ….

or no dipole allowed transition
• H2

+ (L. Hilico, Paris)
• H+ antimatter ion ( pe+e+ ) (single electronic level atom)

ion clock

mp/me meas.

gravity measurement on antimatter

mp/me meas.

QED tests, clocks

So, how to cool them ?



Sympathetic cooling

Basic idea

• Trap two species in the same trap
• Laser cool one of them 
• Coulomb repulsion → energy exchange → thermalisation

Does it work ?

Both species must be stable in the same trap

More efficient for ions of comparable mass

Efficient for low energy ions

YES !



Sympathetic cooling

Penning trap

1st criterion: Both species must be stable in the same trap

Paul trap a,q in the stability diagram

mLC/5 < mSC< 5 mLC
heavy

light
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→ use intermediate mass ions

9Be+ / HD+ / H+



Sympathetic cooling

2d criterion: relative velocities should be small !

Inverse Coulomb collision time 

Kenro Miyamoto, NIFS-PROC-48 Oct. 2000
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Sympathetic cooling

3d criterion: mass should be comparable

Larger energy exchange for comparable mass

Better mechanical coupling in two-ion Coulomb crystals 

Mg+ Al+

24 27

Be+ Al+

9 27

Ex : Al+ optical ion clock at NIST



Sympathetic cooling

How long does it take ?

N laser cooled ions

Numerical simulations

1469 Be+ and 400 H2
+

Nicolas Sillitoe PhD thesis
80% Be+ and 20% HD+

H+



Questions ?


