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© the strong binding regime
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what's new with a bounded motion?

What ions are concerned?
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what’s new with a bounded motion?

motion induced effects in atom-laser interaction

@ are induced by the interaction modulation
\/AL(I’7 1.') = —deg.EL(l’)cL COS(wt — (D(I'))

@ role of the reduction of the motion amplitude first demonstrated in
1952 and called the Lamb-Dicke effect

PHYSICAL REVIEW VOLUME 89, NUMBER 2 JANUARY 15, 1953

The Effect of Collisions upon the Doppler Width of Spectral Lines

R. H. Dicke
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
(Received September 17, 1952)

Quantum mechanically the Doppler effect results from the recoil momentum changing the translational
energy of the radiating atom. The assumption that the recoil momentum is given to the radiating atom is
shown to be incorrect if collisions are taking place. If the collisions do not cause broadening by affecting the
internal state of the radiator, they result in a substantial narrowing of the Doppler broadened line.

e if Ar < )\, the motion has no effect...
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what’s new with a bounded motion?

what fails from our previous analysis??7

@ the broad line picture is not true anymore : the relevant timescale
Text for atom external dynamics is shorter than 7. = 1/T.
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what’s new with a bounded motion?

what fails from our previous analysis??7

@ the broad line picture is not true anymore : the relevant timescale
Text for atom external dynamics is shorter than 7. = 1/T.

@ we have to keep the position dependance in the atom-laser
interaction.

@ let's assume the atom oscillates along the laser propagation direction
along Ox

x(t) ~ X cos(wt)
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x(t) = X cos(wxt) in the classical limit
@ the motion induced phase modulation of the atom-laser interaction is
periodic :
eika(t) — eikLXcosth — jo(ka)+ijl(ka)e:l:ith_jz(ka)e:l:iwat o

Jn are Bessel functions and k; X is the modulation index
@ from the atom point of view, it is like the laser emits several
(coherent) lines with angular frequencies wy, w; + wy, w; £+ 2wy . . ..
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what’s new with a bounded motion?

x(t) = X cos(wxt) in the classical limit

@ the motion induced phase modulation of the atom-laser interaction is
periodic :

eika(t) — eikLX coswxt _ jo(ka)+ijl(ka)e:l:ith_jz(ka)e:l:iwat o

Jn are Bessel functions and k; X is the modulation index
@ from the atom point of view, it is like the laser emits several
(coherent) lines with angular frequencies wy, w; + wy, w; £+ 2wy . . ..
@ central band (wy) @ QL Jo(ke X),
first sidebands (w; £ wy ) @ Q J1(k X),
second sidebands (w; +2wy) @ Q; Ja(kL X)
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what’s new with a bounded motion?

x(t) = X cos(wxt) in the classical limit

@ the motion induced phase modulation of the atom-laser interaction is
periodic :

eika(t) — eikLX coswxt _ jo(ka)+ijl(ka)e:tith_jz(ka)e:l:iwat o

Jn are Bessel functions and k; X is the modulation index
@ from the atom point of view, it is like the laser emits several
(coherent) lines with angular frequencies wy, w; + wy, w; £+ 2wy . . ..
@ central band (wy) @ QL Jo(ke X),
first sidebands (w; £ wy ) @ Q J1(k X),
second sidebands (w; +2wy) @ Q; Ja(kL X)
@ in the low saturation case

P.(L) = '"i” L QF T2 (kLX)
€ = 203 T2 (kX)) 4+ 2(A — mw)? 4 T2 /2
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what’s new with a bounded motion?

x(t) = X cos(wyt) in the classical limit

kX =1
w/2m = 1MHz
Q=T
/27 = 10° Hz
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what’s new with a bounded motion?

x(t) = X cos(wyt) in the classical limit

kX =1
w/2m = 1MHz
Q=T

[/2r = 5.10% Hz
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what’s new with a bounded motion?

x(t) = X cos(wyt) in the classical limit

kX =1
w/27 = 1MHz
Q =T

[/2m = 2.10° Hz
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what’s new with a bounded motion?

x(t) = X cos(wxt) in the classical limit

e for excitation on a broad transition (I' > wy), the oscillating nature of
the motion is not very relevant to describe the spectrum.
@ indeed, it can be shown that for [ > wy, the ions can be treated as

free (regime often called the “weak binding regime”, which fills the
broad line condition).
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what’s new with a bounded motion?

x(t) = X cos(wxt) in the classical limit

e for excitation on a broad transition (I' > wy), the oscillating nature of
the motion is not very relevant to describe the spectrum.

@ indeed, it can be shown that for [ > wy, the ions can be treated as
free (regime often called the “weak binding regime”, which fills the
broad line condition).

e for I < wy (the "strong binding regime”), the first order Doppler
effect is canceled as long as it is possible to point the central band
without error!!!
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what’s new with a bounded motion?

x(t) = X cos(wxt) in the classical limit

e for excitation on a broad transition (I' > wy), the oscillating nature of
the motion is not very relevant to describe the spectrum.

@ indeed, it can be shown that for [ > wy, the ions can be treated as
free (regime often called the “weak binding regime”, which fills the
broad line condition).

e for I < wy (the "strong binding regime”), the first order Doppler
effect is canceled as long as it is possible to point the central band
without error!!!

o for [ < wy and a low temperature, this classical description of the
motion is not sufficient to explain the observed spectrum.
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what’s new with a bounded motion?

a more realistic case

In a realistic experiment, the laser does not propagate along a symmetry
axis of the trap. In a RF trap, the motion can include non negligible
pmotion and even excess pmotion. Then

kp.r = k(X costh+ex)(1+% coth)—i—kZ(Zcoswzt—i-ez)(l—l—% cos Qt)

and the same spectral decomposition in Bessel function can be done with
several frequencies, as long as these frequencies are not in a rational ratio.
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what's new with a bounded motion?

Doppler laser cooling of a large sample of Ca™

Fluorescence spectra while scanning the cooling laser

Picture of the cl lon rum
Fluorescence sent to a PM icture of the cloud along a spectru
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what’s new with a bounded motion?

Doppler laser cooling of a large sample of Ca™

Fluorescence spectra while scanning the cooling laser

ISens balayage——

Fluorescence sent to a PM

~200 -160 -120

Picture of the cloud along a spectrum
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the abrupt transition is the signature of the competition between

C.Champenois (PIIM, CNRS-AMU)

laser cooling and RF heating

R. Bliimel et al Nature, (1988)
L. Hornaeker, M. Drewsen PRA 66, 013412 (2002)
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Being in the strong binding regime

There are two ways to reach this regime :

@ choose an ion with a dipole forbidden transition. In several cases, it is
an electric quadrupolar transition (S — D), with natural linewidth
< 1 Hz. This is the case for Ca®, Sr ¥, Ba™, Ra™, Yb™, Hg™. Let's
also mention experiments with In*, making use of an
intercombination line.
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Being in the strong binding regime

There are two ways to reach this regime :

@ choose an ion with a dipole forbidden transition. In several cases, it is
an electric quadrupolar transition (S — D), with natural linewidth
< 1 Hz. This is the case for Ca®, Sr ¥, Ba™, Ra™, Yb™, Hg™. Let's
also mention experiments with In*, making use of an
intercombination line.

@ use Raman coupling by two lasers between two sub-levels (Zeeman or
hyperfine) of the ground state and an extra excited state. The system
behaves like a two-level system with infinite lifetimes.

This is commonly used with Be™, Mg™, Zn*, Cd™.

C.Champenois (PIIM, CNRS-AMU) Les Houches PWTCP 2018 12 / 35



the strong binding regime

Quantum description of the motion

@ for single ion or chains of ions in an RF quadrupole trap, the motion is
well described by a harmonic oscillator (one for each axis of the trap)
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the strong binding regime

Quantum description of the motion

@ for single ion or chains of ions in an RF quadrupole trap, the motion is
well described by a harmonic oscillator (one for each axis of the trap)
@ Doppler cooling results in a thermal distribution of n with
e hwx/keTp e 2wx/Tpa

n—= =
1 _ efﬁ/.dx/kB TD 1 _ efZWX/FDA

In the limit where wy < I'pa/2 (DA for "dipole allowed"),

n= FDA/2wX
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the strong binding regime

Quantum description of the motion

@ for single ion or chains of ions in an RF quadrupole trap, the motion is
well described by a harmonic oscillator (one for each axis of the trap)
@ Doppler cooling results in a thermal distribution of n with
e hwx/keTp e 2wx/Tpa

n—= =
1 _ efﬁ/.dx/kB TD 1 _ efZWX/FDA

In the limit where wy, < 'pa/2 (DA for "dipole allowed"),
n= FDA/2wX

@ With usual miniature traps designed for single ions and Doppler
cooling on strong dipolar transition

n~5-15
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the strong binding regime

Quantum description of the motion

@ for single ion or chains of ions in an RF quadrupole trap, the motion is
well described by a harmonic oscillator (one for each axis of the trap)
@ Doppler cooling results in a thermal distribution of n with
e hwx/keTp e 2wx/Tpa

n—= =
1 _ efﬁ/.dx/kB TD 1 _ ef2wx/FDA

In the limit where wy, < 'pa/2 (DA for "dipole allowed"),
n= FDA/2wX

@ With usual miniature traps designed for single ions and Doppler
cooling on strong dipolar transition

n~5-15

o for low temperature, a quantum description of the motion must be
included in the Hamiltonian
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the strong binding regime

Summary of useful equations for H.O:

~ p2 mw ~ 1
H5":2p—m+ 82 = A = (8154 )
R = n (8" + ) = xo(8" + 3)
2mwy
. mhwy .+ .
po= i\ -9 (1)
1 N=3'3

n = vVn+1ln+1)
m = Viln—1) 2)
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the strong binding regime

time evolution

@ the "clean” way to get rid of the free evolution and keep the evolution
induced by atom-laser coupling and further do the RWA is to use the
Interaction Picture (half way between Schrodinger and Heisenberg)

VI =i (t)VUo(t)  Uo(t) = exp(—iHot/h)
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the strong binding regime

time evolution

@ the "clean” way to get rid of the free evolution and keep the evolution
induced by atom-laser coupling and further do the RWA is to use the
Interaction Picture (half way between Schrodinger and Heisenberg)

VI =i (t)VUo(t)  Uo(t) = exp(—iHot/h)

e if the motion is not quantised Hy = % (le)(el — |g)(g])

A Q ) ) ' .
VA!L = % (|e> <g|e—1ALtel(ka+w) + |g><e]e’ALte—’(ka+¢))
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the strong binding regime

time evolution

@ the "clean” way to get rid of the free evolution and keep the evolution
induced by atom-laser coupling and further do the RWA is to use the
Interaction Picture (half way between Schrodinger and Heisenberg)

VI =i (t)VUo(t)  Uo(t) = exp(—iHot/h)

e if the motion is not quantised Hy = ﬁ‘é’o (le)(el — |g)(g])

~ Q
Vi =5

2 (|e> (gle~Buteilxtv) 4 |g><e!e"ALfe—i(ka+w>)

@ when the motion is also quantised, the self Hamiltonian of the system
is Ho + H§" (with eigenstates |g)|n), |e)|m)):

~ hQ
V= 15t

: (\ ><g‘ —i(Apt— 1/)) IHmt/h kL% g ’,:Iént/h—i-H.C.)
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the strong binding regime

time evolution

@ by using the relation
eATB = AeBe 1/2ABl i [A [A B] =[B,]A B]] =0

and by using exp(A) =1+ A+ A%2/2+ A3/6 + ... one can
demonstrate these useful relations to move to the interaction picture:

an_—iwtslt s —iwtats _—inwt an

i"e = e e a (3)
éTne—iwtéfé _ e—iwtéTéeinwté\Tn (4)
ein(§+§f) _ einéein§T o 11/2 (5)
@ and then, finally:
hQ . .
Vi = —~ ! (]e}(g\e_’(ALt_‘/’) exp (maJr iwxt inée"“’xt> + H.c.)

with 17 = k; xg, the Lamb-Dicke parameter (xp is the size of the
ground vibrational wave-packet).
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the strong binding regime

motion and internal state are coupled in the transition

@ For each transition modifying the vibrational state, an effective Rabi
frequency can be defined by

Qpnip = Qu|(n + ple@+3D) )]

@ This expression was developed by Glauber in 1969.
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the strong binding regime

motion and internal state are coupled in the transition

@ For each transition modifying the vibrational state, an effective Rabi
frequency can be defined by

Qpnip = Qu|(n + ple@+3D) )]

@ This expression was developed by Glauber in 1969.

@ We can gain insight by making a Taylor expansion of \A/AL with n. Up
to the second order in 7:

n—n Qn,n=Qu(1—n?n)
n—n+1 Qn,n+1=Qnvn+1
n—n-—1 Qn,n—1=Qn/n

n—n+2 Qnn+2=Qn%/2/(n+1)(n+2)
n—n-—2 Qn,n—2=Qn?/2\/n(n—1)
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the strong binding regime

motion and internal state are coupled in the transition

n—n Qn,n=Q;(1—n?n)
n—n+1 Qnn+1=Qnv/n+1
n—n-—1 Qn,n—1=Qny/n

n—=sn+2 Qnn+2=Qn%/2/(n+1)(n+2)
n—n-—2 Qn,n—2=Q;n?/2\/n(n—1)

e the p—sideband couplings scale like (7y/n)P
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the strong binding regime

motion and internal state are coupled in the transition

n—n Qn,n=Q;(1—n?n)
n—n+1 Qnn+1=Qnv/n+1
n—n-—1 Qn,n—1=Qny/n

n—=sn+2 Qnn+2=Qn%/2/(n+1)(n+2)
n—n-—2 Qn,n—2=Q;n?/2\/n(n—1)

e the p—sideband couplings scale like (7y/n)P

e for ny/n < 1, only the first sidebands are excited. This is formally
equivalent to exp(ikx) = 1 4 ikx and is the condition for the
Lamb-Dicke regime for oscillating particles.
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the strong binding regime

motion and internal state are coupled in the transition

n—n Qn,n=Q;(1—n?n)
n—n+1 Qnn+1=Qnv/n+1
n—n-—1 Qn,n—1=Qny/n

n—=sn+2 Qnn+2=Qn%/2/(n+1)(n+2)
n—n-—2 Qn,n—2=Q;n?/2\/n(n—1)

e the p—sideband couplings scale like (7y/n)P

e for ny/n < 1, only the first sidebands are excited. This is formally
equivalent to exp(ikx) = 1 4 ikx and is the condition for the
Lamb-Dicke regime for oscillating particles.

e many experiments implying high precision spectroscopy (QI,
metrology...) requires to reach this regime where the Doppler spectra

is reduced to the main carrier (central) band and small first order
sideband.

C.Champenois (PIIM, CNRS-AMU) Les Houches PWTCP 2018 18 / 35



the strong binding regime

the quantum limit

thermal equilibrium

Q/271 =1 kHz,
[ /2r = 10 kHz
40Cat A\, =730 nm

w/2mr =1 MHz :
no = 0.094

T =25 mK
n=51.6
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the strong binding regime

the quantum limit

thermal equilibrium

Q/271 =1 kHz,
[ /2r = 10 kHz
40Cat A\, =730 nm

w/2mr =1 MHz :
no = 0.094

T =0.5mK
n=10
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the strong binding regime

the quantum limit

thermal equilibrium

Q/271 =1 kHz,
[ /2r = 10 kHz
40Cat A\, =730 nm

w/2mr =1 MHz :
no = 0.094

T =0.1 mK
n=16
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the strong binding regime

Experimental sideband spectrum

@ the amplitude of one band is the sum of many contributions

@ the occupation probability P(n) depends on the process applied to
prepare the motional state of the ion.
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the strong binding regime

Experimental sideband spectrum

@ the amplitude of one band is the sum of many contributions

@ the occupation probability P(n) depends on the process applied to
prepare the motional state of the ion.

e it takes 77 < 1 to reach 7v/1 < 1 after a Doppler cooling process.
This has to be already thought of when the trap is designed :

27 h
N )\L 2mwx

n
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Experimental sideband spectrum

@ the amplitude of one band is the sum of many contributions

@ the occupation probability P(n) depends on the process applied to
prepare the motional state of the ion.

e it takes 77 < 1 to reach 7v/1 < 1 after a Doppler cooling process.
This has to be already thought of when the trap is designed :

27 h
N )\L 2mwx

n

@ building trap with large wy is very important as it makes 1 smaller.

o for a given temperature, the averaged occupation number 71 is smaller

= exp(—hwx/kgT)/(1 — exp(—hwyx/kgT))
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In the Lamb-Dicke regime exp(ik;x) ~ 1 + ik.x

\7/ _ 931 e> <g| (ie—f(ALt—w) + ,‘né‘Te—i(AL—wx)t—¢ + inée—i(AL-‘rwx)t—w +H

the laser interaction reduced to three components:

n—n Qn,n=
n—n+1 Qnn+1=Qnvn+1
n—n—1 Qn,n—1=Qn/n

This is very close to the Jaynes-Cummings hamiltonian (but here, there is
the anti-Jaynes-Cumming terms!)
You can treat each line as an independent line for an atom at rest.
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the strong binding regime

a global view

@ If the recoil frequency wyec = hkf/2m and wy,, > < I, then the usual
Doppler cooling process works and the semi-classical treatment can

be applied.
I'pF < Wrec < Wx,y,z < Ipa
~1Hz ~ 10 kHz ~ 1 MHz ~ 10 MHz
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a global view

@ If the recoil frequency wyec = hkf/2m and wy,, > < I, then the usual
Doppler cooling process works and the semi-classical treatment can

be applied.
I'pF < Wrec < Wx,y,z < Ipa
~1Hz ~ 10 kHz ~ 1 MHz ~ 10 MHz

@ DA transition are used for Doppler cooling whereas the DF transition
are used for Ql, metrology...
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the strong binding regime

a global view

@ If the recoil frequency wyec = hkf/2m and wy,, > < I, then the usual
Doppler cooling process works and the semi-classical treatment can

be applied.
I'pF < Wrec < Wx,y,z < Ipa
~1Hz ~ 10 kHz ~ 1 MHz ~ 10 MHz

@ DA transition are used for Doppler cooling whereas the DF transition
are used for Ql, metrology...

@ For the experiments in the quantum limit, it is very important that

Wree K Wx,y,z = 1 = kixo = \/ wrec/wx,y,z <1
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the strong binding regime

a global view

@ If the recoil frequency wyec = hkf/2m and wy,, > < I, then the usual
Doppler cooling process works and the semi-classical treatment can

be applied.
I'pF < Wrec < Wx,y,z < Ipa
~1Hz ~ 10 kHz ~ 1 MHz ~ 10 MHz

@ DA transition are used for Doppler cooling whereas the DF transition
are used for Ql, metrology...

@ For the experiments in the quantum limit, it is very important that

Wree K Wx,y,z = 1 = kixo = \/ wrec/wx,y,z <1

@ Contrary to neutral atom Doppler cooling, a single direction of
propagation is enough to cool trapped ions, as long as this direction
has projection on all the symmetry axis of the trap.
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Resolved sideband cooling, 1st exp in 1989 NIST, Hg+

g s

> e){(g| (ie‘i(ALt_"/’) + ,'77§Te—i(AL—wx)t—w + iné‘e—i(AL+wX)t—w H

@ the laser detuning aims at the first red sideband to take away one
phonon on each photon absorption

Qn,n—1=QnVn

C.Champenois (PIIM, CNRS-AMU) Les Houches PWTCP 2018 23 /35



Resolved sideband cooling, 1st exp in 1989 NIST, Hg+

LY

> e){(g| (ie‘i(ALt_"/’) + ,'77§Te—i(AL—wx)t—w + iné‘e—i(AL+wx)t—w H

@ the laser detuning aims at the first red sideband to take away one
phonon on each photon absorption

Qn,.n—1=Qnvn

@ You increase the scattering rate (1 photon/s is not enough!) :
pF — Te < wx
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How efficient is it? (S. Stenholm, in 1986)

@ you consider the saturation is low and that the probability to be in
the excited state you aim is

Q2 12 Q2
= -——°—=_W(A
¢ r2ap24+r12 12 (2)

@ excitation on the central band has the strength Q =
excitation on the first red sideband has the strength Q = Qiny/n

@ spontaneous emission also suffer from the change in vibration
quantum number : the spontaneous scattering rateon n — n+ 1 is

Fen2(n+1)
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Resolved sideband cooling

How efficient is it?

R* is the rate for transition from |g, n) to |g, n 4 1).

Q2 Q2n? 1
RY = WOO)E x Tarb(n+1) + W —WX)L”S*) xTe (6)
e

= = LW () +n*W(s —wx)) (n+1) = AT (n+1). (7)

e
_ Q3 2 _
R~ = . L(m2W () +n*W(S +wx))n=A"n. (8)
the time evolution of the averaged vibrational number is

dn

CT: = RYH1)+R (-1)=At(i+1) - A7 (9)

= (AT —A )n+ At (10)

If § = —wy and w2 > 2

At I_g 1 n:
~ o — —_ 1
nf A~ 4w)2< (4 n? > <
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Resolved sideband cooling

two ions on the axis of a linear RF trap

C.0.My Weom = Wy
stretching, wWetr = V3Weom
c.o.my, = w,
c.0.m; = wy,
x — y rocking = /w2 — w2
y X

x — z rocking = /w2 — w2

for N ions, 3N vibrational bands to cool....
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An alternative to resolved SB cooling : EIT cooling

o Apg : detuning on the

\P1ja) blue laser (397 nm)
866nm Ap = w g — wps
o 397nm
@ Apg : detuning on the red
’D3/2> 94% K ¢
94% laser (866 nm)
‘Sl/2> Ar =wir —wpPD

the linear combination of the 2 stable/metastable states |1n¢) is such
that Hay [Yne) =0
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An alternative to resolved SB cooling : EIT cooling

|Pij2)

866nm

94%

397nm

the linear combination of the 2 stable/metastable states |i)nc) is such

that Aa; [¢Ync) =0
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...and beyond

An alternative to resolved SB cooling : EIT cooling

_AB

|P)

J lne)
)

e
lvne) = | >Q 5|)
+Qr|S) +Qp|D
) R|S) g |D)
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...and beyond

An alternative to resolved SB cooling : EIT cooling

—Ag —Ag
[P) |P)
ol
.
J [nc) TN
[vc) lve) [Y¥ne)
—Qr|S) +Qp|D
lvne) = 2| >Q 5|D)
+Qr|S) +Qp|D
W}C> _ R| >Q B | >
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...and beyond

An alternative to resolved SB cooling : EIT cooling

—Ag

|P)

—Ag

J [nc)

lihc)

—~Ag
I2) I2)
o) lowe) | o) Wc}
|1/JNc> _ —QR |S>£;— QB |D>
) = +Qgr \5>£;r Qp|D)

Coherent Population Trapping (CPT) in |¢nc)
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an alternative to resolved SB cooling : EIT cooling

Population in the P excited state vs 0./ = Ag/lp.

0.1

7p = 7 ns and the branching ratio to D is 1/15 ( Ca™ typical parameter).
Qp = rp/2, Qr = rp/5
Blue curve : 6, = Ag = +7/2. Black curve : 6, = Ag = —I/2.

C.Champenois (PIIM, CNRS-AMU) Les Houches PWTCP 2018 29 / 35



Quantised motion with EIT (Morigi et al. (2000))

e with §, = 0. (or Ag = AR), the n — n central band is canceled
@ the second objective is to enhance the n — n — 1 transitions by
shaping the spectrum:
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Quantised motion with EIT (Morigi et al. (2000))

e with §, = 0. (or Ag = AR), the n — n central band is canceled

@ the second objective is to enhance the n — n — 1 transitions by
shaping the spectrum:

@ the repumping transition is strongly driven to dress the D and P
states with red photons and light-shift them : i1 = Q%/(4AR)

DD~ D)+ )

~ i Dy __'Lé—__
b ipy I ‘Z—Q(L e IA O“A,;

O T PO
Shake &,gmsfa\tb
T‘. Suce
Ky
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Quantised motion with EIT (Morigi et al. (2000))

e with §, = 0. (or Ag = AR), the n — n central band is canceled

@ the second objective is to enhance the n — n — 1 transitions by
shaping the spectrum:

@ the repumping transition is strongly driven to dress the D and P
states with red photons and light-shift them : i1 = Q%/(4AR)

DD~ D)+ )

~ i Dy __'Lé—__
b py I ‘Z—Q(L ey IA O“A,;

R oy Ervil lp>? RNmAL
Stake Gi,gmsfa\tn
R S O T‘. Suce
Py

@ the cooling transition is driven under saturation :
for Ag = Ag + Iy, it drives n — n
for Ag = Agr + 01,5 T wy, it drives n — n+t1
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Quantised motion with EIT

@ the pump transition is tuned to have d1.5 = wy

@ then, for Ag = Agr, n — nis canceled and n — n—1 is on
resonance.

Semi-classic calculation for motion X cos(wxt) with kcX = 0.2

£x10°

P level occupation p

% 15 o 20 25
B x

0p = +20wy and dr,g = wx.
dark line : total probability to be in P state, dominated by the central band
dashed line : the %1 sideband contributions expanded by a factor of 50.
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From the idea to realisation (Roos et al. (2000))

@ The efficiency relies on a complete cancellation of the n — n
transitions, obtained by the dark line.

4500

In practice, CPT results in a grey line £
because of the relative phase drift of £ ...
the two involved lasers. Ef

[Yne) o (—=Qr|(S) + Qg |D))

50 00 150 200

A [MHz]
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From the idea to realisation (Roos et al. (2000))

@ The efficiency relies on a complete cancellation of the n — n
transitions, obtained by the dark line.

In practice, CPT results in a grey line £

because of the relative phase drift of Z...

the two involved lasers. Ef

[ne) o< (—Qr |S) + Q28 (D)) St =
Ag [MH7]

@ Experimental demonstration of EIT cooling is based on two Zeeman
sub-levels of the ground state.
o Different polarisation to address different Zeeman sub-levels.
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From the idea to realisation (Roos et al. (2000))

@ The efficiency relies on a complete cancellation of the n — n
transitions, obtained by the dark line.

4500

In practice, CPT results in a grey line £
because of the relative phase drift of Z...

the two involved lasers. R
[Yne) o (—=Qr|(S) + Qg |D))

50

Ag [MH7]
@ Experimental demonstration of EIT cooling is based on two Zeeman
sub-levels of the ground state.
o Different polarisation to address different Zeeman sub-levels.
@ Any default in the polarisation may leadtoan—norn—n+1
transition.
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From the idea to realisation (Roos et al. (2000))

@ The efficiency relies on a complete cancellation of the n — n
transitions, obtained by the dark line.

4500

In practice, CPT results in a grey line £
because of the relative phase drift of
the two involved lasers.

[Yne) < (—Qr|S) + Q8 |D))

50 100 150 200

Ag [MH7]

@ Experimental demonstration of EIT cooling is based on two Zeeman
sub-levels of the ground state.

o Different polarisation to address different Zeeman sub-levels.

@ Any default in the polarisation may leadtoan—norn—n+1
transition.

@ The main advantage is that several vibrational bands can be
addressed in the width of the EIT line.
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From the idea to realisation...again (Roos et al. (2016))

PHYSICAL REVIEW A 93, 053401 (2016)

Electromagnetically-induced-transparency ground-state cooling of long ion strings

Regina Lechner,"? Christine Maier, "> Cornelius Hempel,">" Petar Jurcevic,"? Ben P. Lanyon,"?> Thomas Monz,?
Michael Brownnutt,2! Rainer Blatt,"? and Christian F. Roos"%¥
Unstitut fiir Q ptik und Q information, Osterreichische Akademie der Wissenschaften, TechnikerstraBe 21a,
6020 Innsbruck, Austria
2Institut fiir Experimentalphysik, Universitit Innsbruck, Technikerstrafe 25, 6020 Innsbruck, Austria
(Received 18 March 2016; published 2 May 2016)

Electromagnetically-induced-transparency (EIT) cooling is a ground-state cooling technique for trapped
particles. EIT offers a broader cooling range in frequency space compared to more established methods. In
this work, we experimentally investigate EIT cooling in strings of trapped atomic ions. In strings of up to 18
ions, we demonstrate simultaneous ground-state cooling of all radial modes in under 1 ms. This is a particularly
important capability in view of emerging quantum simulation experiments with large numbers of trapped ions.
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From the idea to realisation...again (Roos et al. (2016))

Excitation
o
N

kg ‘ ) N ]
b 4 £ B AL
0.0 rad ot X el ad o g%, ‘ 5
e e T
S Ay y b Y oyl e
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Zo02f 1 \ I
) H‘\‘\ | ‘\ | ‘\ I (bl |
L L TR S A bt
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Detuning A7,9/(27) (MHz)

FIG. 5. (a) Red sideband radial mode spectrum of an 18-ion
crystal after Doppler cooling. (b) Red sideband radial mode spectrum
after Doppler cooling followed by 1 ms of EIT cooling with a o™
induced light shift set to 2.3 MHz. Dashed lines connecting (a) and
(b) indicate the mode frequencies.
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...and beyond

From the idea to realisation...again (Roos et al. (2016))

trap axis v

C.Champenois (PIIM, CNRS-AMU)
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FIG. 7. EIT cooling dynamics. The radial mode at 2.08 MHz of
an 18-ion crystal in a linear trap was EIT cooled with a o+ induced
light shift of 2.3 MHz for varying cooling duration. A RAP pulse
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Another alternative to resolved side-band cooling?

week ending

PRL 119, 043001 (2017) PHYSICAL REVIEW LETTERS 28 JULY 2017

3D Sisyphus Cooling of Trapped Ions

S. Ejtemaee and P.C. Haljan"
Department of Physics, Simon Fraser University, Burnaby, British Columbia, V5A 156, Canada
(Received 1 March 2016; revised manuscript received 11 May 2017; published 25 July 2017)

Using a laser polarization gradient, we realize 3D Sisyphus cooling of "1 Yb* ions confined in and near
the Lamb-Dicke regime in a linear Paul trap. The cooling rate and final mean motional energy of a
single ion are characterized as a function of laser intensity and compared to semiclassical and quantum
simulations. Sisyphus cooling is also applied to a linear string of four ions to obtain a mean energy of 1-3
quanta for all vibrational modes, an approximately order of magnitude reduction below Doppler cooled
energies. This is used to enable subsequent, efficient sideband laser cooling.

(b)  Excited state
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