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Why do we need cooling charged particles ?

Improve phase-space density (beam emittance)

Reduce Doppler broadening to increase spectroscopy resolution

charged particule trap depth D ~0.1... 10 eV

3
SkT=D  T=~700..70000K

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

velocity

; =930 MHz .. 93 GHz for A =1 pm

Doppler effect ‘A I/‘ =
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15t order Doppler effect
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15t order Doppler effect

* lons e Trap depth ~1 eV uncooled T~ 7000 K
M~28, secular velocity v ~ 2500 m/s, Av ~ 5 GHz

» Paul traps — harmonic micromotion — motional sidebands at Q
Q

A <>
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For high resolution experiment : suppress the Doppler effect !
Two-photon spectroscopy or Lamb Dicke regime



29 order Doppler effect
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Radiative cooling



Radiative cooling

dE 2.
. Larmor formula == 9 ~F?
r dt 67 C

(T =r,cosqt)

21
« Oscillating particule | = -r,wsin(at) i E= 2 mr, @' sin’(ad)

27 T = -1,/ CoS(ut) G I’ =r’aw cos («t)
(E)= % mra’ (" )
2
* Time average 1 e dE\__ Q W <E>:—1<E>
<%2> =12’ = =2 (E) dt 3rE,c’m T
2 m
g J
e Electron inaPenningtrap B=2T, w =56GHz, Q=1.610*C, m=9.1103kg
T=0.65s 4 )

Only works for cyclotron motion
of e~ or e* in high B fields

e lons m > 1836 m,, w<< w, (~1/m)

Equilibrium with black body radiation

~ m3 ~
t=m % \ at the trap temperature




Radiative cooling  application to proton sympathetic cooling
D.S. Hall, G. Gabrielse, Phys. Rev. Lett. 77, 1962 (1997)
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Resistive cooling

~_— Basic idea moving charges
| induced current
@ R power dissipation in R
e /J:Z\ | Vo motion damping
Questions

» What is the damping time constant ?
* What is the equilibrium temperature of the ions ?

Method

* Link between the ion position z and |
 Newton’s law + electronics laws

equivalent circuit



Resistive cooling

« Gauss identity qui\/i = ZCIiV'i
L @
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» Charge moving in a parallel plate capacitor

: q'1V1 + ql2V2 + CI'3V3(Z) = q1V'1+q2V|2+q3V|3 (Z)
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Resistive cooling

» Johnson-Nyquist noise

£

Qg - MF U =R ()
< U e=Ri
| R
> — U =R(l +i(t))
Statistical properties
Average Power spectral density
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Resistive cooling :
% , R o —
T "z ‘ — T

. . _Z,+Z __adv(z) _
V(z)=a U E(z) = =—a_—
Electrostatic equation (2) 27 (2) 1 27
Newton’s equation mz = —mwzzz +0E(2)
Electrical equation U (t) = RI(t) +&t)
Image charge equation = aq_z = aq_z a geometrical factor < 1
27, 27,

4 N
Mechanical model Z2(t) Ha 2(t) + wzz Z(t) = —ﬂe(t)
2mz,

1/t
Damping term
— cooling

\_ /




Resistive cooling

8z;m 4z:m
Motion damping time T, =27 = ing ti r=
ping m a°R Energy damping time 7R
 Electron, z;,~1cm,a =1, R=1MQ —T1=14ms
e lons (protons), z;,~1mm,a=1, R=1MQ — 1=260ms
/- Very efficient for electrons \

* Still works for ions
« Efficient for highly charged ions q? — Z2%¢?

 Very usefull in Penning traps
.... also works in Paul traps

J




Resistive cooling

: : __u N
Electrostatic equation E(z) = i o —mwzzz—zi(Rl +e)
. d
Newton’s equation m7z = —mwzzz+ gE(2) > “ dt
. C
mz =-maw’z-——|\Rl +¢&
Electrical equation Ut)=RI(t)+elt) z 22, ( )
Image charge equation | =92 } 5= 22y | 7= 2z |
2% q g
Electrical model, equivalent circuit
d2 d de / The fluctuating voltage e(t) \
Ly Cost FJF RC & +1 +Cgq Py =0 explains the evolution of the ions
to thermal equilibrium
T~ with R at temperature T.
‘—- L et -1 R @
Ceft T=300K, 77 Kor 4 K p
L = 4mz, _ R electron L~ 14 kH _
“ " af r broton L~ 260 kH See exercice !

L. C.af =1 Electron, w,=21x 300 kHz C ~0.02 fF



Resistive cooling

Mise en pratique
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Fig. 5. Resistive cooling of the axial motion of a single ion. The
experimentally observed cooling rate of 132 ms = in agreement

to

the vahue calculated from [26]. The zero line is given by the

nmse power with an emply trap.

noise voltage [arba]

' Cik ) wi) ' -IFLI ' L] ' 40 a0 ' [l
axial frequency [Hz] - 369 082.7 Hz

Fig. 14. Axial frequency of a single 1on mn the analvsis trap.

It shows up a5 & minimum in the Founer transformed noise

voltage across the axial tank circoit. The full width of the
resonance 15 2 Hx. The data acqusition time was 66 =.



Resistive cooling

« Schemes to cool all the motional modes, not only axial,

but also cyclotron and magnetron

 Axial and cyclotron : same idea

* Magnetron motion

Side band excitation technique
to couple magnetron and axial motions

Current induced in a segmented ring electrode
"D
<> '

L.S. Brown, G. Gabrielse, Rev. Mod. Phys. 58, 233 (1986)

« Geonium theory »



Resistive cooling
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Conclusion on resistive cooling

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




Buffer gas cooling



Buffer gas cooling
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* Neutral gas mixture  at equilibrium T, =T, (both species collide with the walls)

* What about trapped ions ?

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



Buffer gas cooling

Collision cross section o~ 1029 m2
Gaz pressure P~10%.. 104 mb~10%.. 102 Pa
k. T
Mean free path A=—72= ~30km...3m
J20P
Collision rate Z=Po —8 ~400/s...0.04 /s

TK. T
° ,u,\ 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

Energy and momentum conservation

T mem T mem,
V2
Vl
3 /
2
1

Vl

o .+* 3 Vi
m,V, m,V,
i B
m,v;, m,V, 1




Buffer gas cooling  In a Paul trap

* Y. Moriwaki, M. Tachikawa, Y. Maeno, T. Shimizu,
lon:m, q,a,q, QT, Japanese Journal of Applied Physics 31, L1640 (1992)

* Y. Moriwaki, M. Tachikawa, T. Shimizu,
Japanese Journal of Applied Physics 35, 757 (1996)

: — 2 :
* lon trajectory u==A ) GC,, co{ “T+2|T+ H“J\_/ Initial conditions
= Q —7

(u'(r') =u(r') position unchanged

Neutral particle : m_, v, T,

e lon/neutral .

. . ST m- u(z7') +2mv S L
collision at time U u (r):( M,)U(r') + 2m,V, velocity kick
L m+m,

solved mto: u'(r) = A, Z C,., co{%{’ﬂ 2] r+9‘uj

=

 Secular kinetic energy VVU = mﬁz(Q/Z)Z micromotion is averaged out



Buffer gas cooling

lon/neutral collisions
koT /2

 Mean effect of a collision /

(o), =0, , =2 vy
m,) 14g,m /m

g,.1r

£, 2 0, a, 2 1 depend on a, and q,

cooling if m, < m/g,

a,,. atom/molecule polarisability

Ml :ion-atom reduced mass
TE.H n,: atomic density

« Collision rate y, =2mn,



Buffer gas cooling

lon/ion collisions

 Mean effect of a collision

<AVVLU>0U'T, =g,W, heating process

Collision rate  V, = ne'in
e COIlISION rate i
: arEsm(ksT, )™

Energy balance equation

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



Buffer gas cooling

24Mg* ions
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Buffer gas cooling
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Application to p-wave Hg* ion clocks

Jet Propulsion Laboratory, Pasadena, California
L. maleki

Space applications : avoid laser cooling !

v=405GHz — A=7.4mm
trap size ~ A : Lamb-Dicke regime
— no 1st order Doppler effect

24 order Doppler effect
Av Vv mv: _ 3k.T

Quadrupole lon Fluorescence tr
0.032" Moly rods

B T 300 K — - 4. 10'13
A 42K —-56. 101

Metallized Trap
c

Ceramic Trap Electrode

i it N 10-16 accuracy




Buffer gas cooling

detector

Application to molecular ion spectroscopy

Protonated thyrosine

y ! & noss ther / UV fragmentation spectrum
q:eﬂ;udpga L= " I = oo -
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RF only’ deflector -E
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?\ £
o
E
N suimmer dCryocooler g
. owntoeK T
Mglass capitary 35000 36000 37000
V4 e tianoRpioy Wavenumber / cm”'
needle tip
O.V. Boyarkin, S. R. Mercier, A. Kamariotis, . [ (o) cooled in fon trap
T. R. Rizzo, JACS 128, 2816 (2006) e
2
£
=
See also D. Gerlich work g
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Buffer gas cooling rotational cooling of polar molecular ions

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

350

0 1750 laser cooled Mg*

-350 2750 sympathetically cooled MgH*
—-700 0 700
(um) _ — _
translational vibrational rotational
Degrees of freedom Mg* | Laser cooling ] ]
MgH* | Sympathetic Frozen in v=0 ( Buffer gas:!

10’s of mK 7 ..60K

1.0

Sympathetic cooling has no effect on rotational distribution oal

0.6

0.2

. . 0.4
Recent studies : H,* buffer gas cooling by He at 4 K ﬂ ﬂ
0.0
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 ion clock
* Molecular ions have no close transitions
« HD* (S. Schiller Dusseldorf, J. Koelemeij, Amsterdam) m,/m, meas.

 CaH+, MgH*, SrH", ...
* species of biological interest

 Highly charged ions, 40Ari3+ 202pp26+ QED tests, clocks
or no dipole allowed transition
 H,* (L. Hilico, Paris) m,/m, meas.

e H* antimatter ion ( pe*e*) (single electronic level atom)
gravity measurement on antimatter

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



Sympathetic cooling

- 1 eV 1 eB eB:d’
Penning trap W< —w 0 < m<sm =
z \/é c mz \/E m c NO
Paul trap a,qd in the stability diagram ]
Sz
_ 4av, |
mrQ°

M /5 <Mge< 5 Mic

Larger mass ratio ?

— use intermediate mass ions

°Be* / HD* / H*



Sympathetic cooling

24 criterion: relative velocities should be small !

h

Collision probability during dt oln=ovdtn

Closest hdistance b % =Ly
osest approach distance AED 2
Coulomb collision cross section o = nb’

1 Ze'n

Inverse Coulomb collision time — ZM@ Most efficient for slow ions
T 0

Kenro Miyamoto, NIFS-PROC-48 Oct. 2000



Sympathetic cooling

34 criterion: mass should be comparable

Larger energy exchange for comparable mass

Better mechanical coupling in two-ion Coulomb crystals

Ex : Al* optical ion clock at NIST

Bet Al I\/Ig* Al*
o o7 24 27



Sympathetic cooling

How long does it take ?

35
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N laser cooled ions

Numerical simulations

1469 Be* and 400 H,*
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Nicolas Sillitoe PhD thesis
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Questions ?



