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excitation frequency v / GHz - 65539

Applications of cold molecular ions
in physics and chemistry | 8

F"=5/2 > F''=9/2 (]=2)
e f 2 4D s = B[D-(J=0)-
F"=3/2 > F'=7/2 (I=2)

& Quantum control over single trapped particles

¢ Quantum logic and quantum technologies
* Precision spectroscopy

mean number of CT events per experiment
o

e T T T T T T T T
2186.172 2186.174 2186.176 2186.178 2186.180 2186.182

excitation wavenumber v / cm™

& lon-neutral interactions, collisions and chemical  ———
reactions in a new physical regime
e Study “exotic” chemical processes
e Explore quantum character of collisions
* Probe fine details of intermolecular
interactions

@ New methods for studying and controlling
chemical reactions
e Accurate quantum-state AND collision-

energy control
e Controlled chemistry of large molecules
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1. Cooling and trapping of molecular ions: basic techniques

& Cold ions in traps: ion Coulomb crystals

Fluorescence images of laser-cooled Ca* ions in anion trap

& Properties of Coulomb-crystallized ions:

e Cold (LK-mK)
e Long trapping times (> hrs)
 Ordered structures of single, localized particles:
observe, address and manipulate single ions on the quantum level
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‘ RF ion trapping ‘

Trapping = confine particles in a suitable potential minimum. For the trapping
of ions electric potentials ® are an obvious choice.

& The Laplace equation (az + o + 82> ¢=0

Ox2  By2 ' 9z2 Vend e
P N 1 1 4
forbids the formation of a potential minimum By AW L\ —AF /\0/
with static electric fields in 3D space. - L‘\M-,——\—J T
— I JE% +
@ Solution: radiofrequency ion traps ﬁ\ A - i
Trap ions dynamically in the x,y plane L
using time-varying voltages Vrr applied to «%
the electrodes: Vir = Vi o cos (Qrrt) Vend

o

Linear Paul trap: four electrodes
arranged in a quadrupolar configuration

The RF fields create a rotating potential
saddle point which dynamically confines
the ions.

Along the trap axis (=z axis) the ions are confined using static potentials Vend
applied to the “endcap electrodes”.
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Coulomb crystals

N

lon Coulomb crystals =

ordered structures of strongly Warm Cat* ion cloud
localised cations in ion traps at inion trap
very low temperatures T << 1 K.

N

Termed in analogy to “Wigner
crystals” (ordered structures of
electrons in solids) originally

predicted by E. Wigner (1934).

_.\\

The term “crystal” is actually a

. . {3 b}
misnomer (no translational Coulomb crystal
symmetry !) at translational

temperatures

T=10 mK
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Laser cooling of trapped ions

& Typical ions used for laser cooling in traps are alkaline earth ions (Be*, Mg*, Ca*,
Ba*) often produced directly inside the trap by photoionisation of their neutral

atoms.

Cooling lasers

Photoionisation laser

lon cloud image
397 nm fluorescence

Lens

Example: laser cooling of 40Ca*

4p 2P3/2 —_—

4p 2P1/2 Yoqg &

/" NN 866 nm

NI'=1.7 MHz)
Doppler shift hy

cooling laser 397 nm

['=20.7 MHz)

-A------

4s %S 72
full lines = laser beams
dashed lines = spontaneous

emission
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Sympathetic cooling of molecular ions

¢ Principle: & Molecular (or bi-component)
e Molecular ions are simultaneously Coulomb crystals:
trapped with laser-cooled atomic ions

* The molecular ions exchange kinetic Experiment:
energy in Coulomb-collisions with the
atomic ions

* The energy is removed by laser cooling
on the atomic ions
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‘ 2. Internal state preparation of cold molecular ions

‘ Rotational laser cooling

© Principle: sympathetically cool the translational motion of * .

molecular ions and then use optical pumping by laser \\ /Jp::g
fields to accumulate the population in a specific o) 7=
\ A 7 =T

rotational-vibrational level

\ Foo
© Example: MgH*. Use an IR laser to pump on the v=0,J=2 — \ % R”g/
v=1, J=1 transition. The v=1, J=1 level can only fluoresce Y =

. Y/ =27~ black bod

down to the v=0, J=0 and J=2 levels (selection rules!). =0 Jtrpfz/ ooy
™\ epg o ° . =0
@ Transitions between rotational levels in the v=0 state L

: . o Ro-vibrational energy level

induced by blackbody radiation constantly redistribute scheme of MgH*

the population. 04— N
& In combination with the 03 After | }

: : optical pumping  Before 031 !
optical pumping, an optical pumping i

0.2 1 021 &

Population
Population

accumulation of the
population in the v=0, ‘”j
J=0 level results. 0

0.1+

O 1 2 3 4 5 6 7 8 9 10 0 20 40 60 80 100 120
J Cooling time (s)
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‘ Sympathetic cooling of state-prepared molecular ions

« Principle: Prepare the molecular ions right from the

beginning in a specific rotational-vibrational state by
threshold photoionization of their neutral precursor
moelcules (i.e., photoionization just above a given
ionization energy) and then sympathetically cool their
translational motion.

X+ Id) E—

X+ IC) ——

Cation
X+ |b)
1. lonisation energy
Xt gy --------
N
c
S
(@]
N
o
Neutral
A
molecule
-
S
(o]
N
QO | ¢
X

Threshold photoionization
of molecules
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@ Example: threshold photoionization of Na2:

e [2+1’]-photon resonance-enhanced
threshold-photoionisation scheme for N2

* Rotationally resolved photoelectron
spectrum of N2 showing the cationic

rotational levels N* produced by

E 4 NN
A Xt 25, threshold photoionisation out of
N2+ + —¢ 2 well-defined intermediate rotational
0 e m— levels J’
NT L E88 N e s I e e
N @
g — Rotational State of the Ion
4 === T 1 ] ! [ T
o’ 1et |3 N=l0 11 [2 3 4 5 6
g 2
/
Vo= 1
> Y / l\ M 10
o / - 1 .
= J - _ Intermediate a~ (v’ =0, J’ ) state
c S g
2 £ 3 .
@ 55 [ —— . V=2
S M
(@]
S(0) o er i
X 12—!— 3 ”h )‘k J =4
N2 ’U// o O 1 2 125640.0 125660.0 125680.0 125700.0 125720.0 125740.0 125760.0
4 — 0 Term value / em™1
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* [2+1’] resonance-enhanced threshold photoionisation via the a” 12y, J’=2
intermediate state of Na:

Rotational State of the Ion
N L | | | |
N=01 2 3 4 5 6
zat dAv"‘ o
lonization lpser fredlien Intermediate a~ (v’ =0, J’ ) state
o0 | ‘
v ) ’
g V “ J =2
= A
J =3
N k J’ =4

125640.0 129660.0 125680.0 125700.0 125720.0 125740. O 125760.0
Term value / cm™
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3. Applications: 1. Molecular-ion quantum technologies and
quantum-logic spectroscopy

Resolved sideband cooling of ions into the quantum regime‘

& The motion of an ion in the harmonic pseudopotential of the \\ 7/'f1=>2’>
ion trap corresponds to a QM harmonic oscillator problem: anI:O_)

e Motional states = the harmonic oscillator eigenstates |n) , n=0,1,2,..

1
e Motional states form a ladder of equidistant energy levels £, = (n + 5) hw

& Resolved sideband cooling: cooling to the motional ground state by addressing

the individual motional states

atomic two-level system motional states —12)
inion trap E }éi
— |e) — |e)
excited state .
N \ /.

o

e
1=
3
o —
°i 3
\/M
~~
N
N~

—9) °E ah
ground state 0)
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& Simple resolved sideband cooling scheme:

(2)

T P T

— 1 -@-11) —I1)
—4-o) ——0} ——10)
—— ' le) — le) —t—" le)
red sideband SHONANEOUS red sideband
transition Pei Zmission transition
An= i1 with An=0 (£1) |
o —-12) ——12)
—b . 2
—0 0 —0
9) 9) 9)

(&)

T

—

Mm

sponaneous
emission
with An=0 (*1)

)

)
L|o>

9)



N
/Igﬁ gf"[';\éi';"y Cold molecular ions in traps: methods and applications

@ Example: Resolved-sideband cooling and
spectroscopy of the Ca* 4p 2S1,2— 3d 2Ds2 transition \ /
at 729 nm in a Ca* - N2* two-ion crystal \ Z' |“0=>1>
Nn=
0.5 red sideband blue sideband 40Caqt 14N>+
> a transition (RSB, transition (BSB,
5 04r An=-1) carrier (An=0) An=+1) |
E 0.3 - -IP © ® +IP B
S 0o 24P < > | < > |
-:g 01 +OP |
N 0 ml AA A /J
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
f-fcarner [MHZ]
206; b RSB 106} < BSB
= 4P/, (6.8NS)
3 854 nm
L04) \ ! o4l 4P, (6.9n5) == m
S before SB cooling | | —512
£02 102} A — S 3;2
3 3D, ,(1.16) | { 12
. o ﬁ/ii)/ e ez L : | S | | 66 p —2
05 -0.49 0.48 0.47 0.5 3D3,(1.19s)
T T carrior [Mk\ 397 nm

after SB cooling
Ca*

Cooling control

Cat spectroscopy
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Quantum-non-demolition state detection of
single molecular ions by coherent motional
excitation of a two-ion crystal

Non-destructive state-detection and Frattice * fﬁap
spectroscopy of a single molecule

& Step 1: Preparation of a Ca* - N2* two-ion string

AP (v = 2) e fa
& Step 2: Sympathetic cooling of the molecule o
to the QM ground state of the trap
() Step 3: Application of an 1D optical lattice near-
resonant with a spectroscopic transition in the X25) (v=0) —@
molecule to generate an optical dipole force (ODF) s KLE:;ZIE?I .

& Step 4: Modulation of the optical lattice at
the frequency of vibration of the ions in
the trap to excite their motion

( Step 5: Detection of the motional
excitation of the ions by sideband Rabi
spectroscopy on Ca*




N
/Igﬁ 3?['3‘{,%';"" Cold molecular ions in traps: methods and applications

‘ Step 3: ODF for N2t in different spin-rotational states

 ODF as a function of lattice-laser wavelength < Excerpt of energy-level structure

786 7865 787 7875 788 7885 789 , of N2* with spectroscopic transi-
a R,,(1/2) ]10 . . :
10°; | R,GR) QER) tions giving rise to strong ODFs
Q,(5/2) %P11(5/2) ‘
A2, (3/2) 7/2
v=2
2 A—5/2
AA 3/2
a —
3 ‘s
e 8
. o)
» 1 1 _ S g2
786 7865 787 7875 788 7885 789" < | 5 o
AF]QQI’ [nm] m‘_ &I \“:’
I G 5
4
3
X2t o 5/2
V= 3/2
6 1/2
N J
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Steps 4 and 5: Rabi flops on the Ca* 2§42 <+ 2Ds)2
sideband transition after CME of N2* in N+=0

Fidelity of finding the molecule in
the correct state (blue) or not (red)

70

0.9r 60
o ®we o % 40 bl
0.7 1 . ° e o o % 30 b
w o o o 8 20
: 06 I o0 o o o ee0 o o0 7
8 o0 o000 o e oo L) 10 T 1
/:>\ Q5 p e ° . ° e» 0 |— | H_h_’_I_L
E ® o o ¢ ® 0 0.2 0.4 0.6 0.8 1
<~ 04F u:.n..o-. oo o c.. ®e { P“ . )
031 o oo
0.2r
0.1 - o @ C@ @oe @ecece 0 0 00 @ om |
0 I I - & “
0 50 100 150 200 250
t [ S] State-detection attempts
729 LH
99.1(9)% 99.4(6)%
N=4
X 25+
v=0
N=2

N=0
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3. Applications: 2. Unravelling the details of chemical
reaction mechanisms with controlled molecules

. . ‘7 ‘@
& How does chemical reactivity depend on the J/
shape of a molecule (i.e., its conformation) ? ‘o Ve ‘¢e?
oSN 9. 9

Example: 3-Aminophenol (3AP)

o @ |9 P O
R J
2 conformers: cis / trans -

J

cis-3AP trans-3AP
u=2.33D u=0.77D

& Conformations: why bother ?

e Conformers are the dominant form of
structural isomers of complex molecules,
e.g., proteins such as hemoglobin.

* The chemical reactivity of complex
molecules often depends on their
conformation (“steric effects”)

e Conformers often easily interconvert
between one another under ambient
conditions: single conformers are difficult to
isolate and study ! hemoglobin
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& Electrostatic separation of molecular conformations in a molecular beam:

E/kV em-]
' 120
Z ) kV
T 2] fha 100 , ot
1{ 8 - detection S
& &0 \ete
y/mm ol laser Ty cron
] PeCE sp©
+| gmund 60 \ MCP
w2 ol 01 2 deflector
x/ mm —p = i
skimmers J* — \)
- Al
__L - w Wi
o Qo™ Y
nozzle \\/"0 AL 1‘\L’z

Experimental setup

; [

I trans-3-aminophenol e
7] .77 D

1 B L | [ OUOG

100 120 140

~0 20 40 60 80

E/kVem' —s
Stark energies W of the

lowest rotational states of
cis/trans-3-aminophenol as
a function of the electric
field strength E

1.0
A
o
osr 4% X T
_ ;. ‘ Q W
20.6 % l+ trans-3AP
= B
"2’0‘4 "l =
s L3
02 \‘ W
’ cis-3AP
,_‘...-.-...-=..iiii
e S— 2 T e
Deflection coordinate y/ mm
"Deflection
profiles" of cis-/
trans-3-
aminophenol

(3AP)
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& Chemical reactions of selected molecular conformations:

e Spatially separate specific molecular conformations from a molecular beam

* Direct the conformationally selected components of the beam at a stationary
reaction target consisting of a Coulomb crystal of cold ions

 Measure conformation-specific reaction rates to probe conformation-specific

chemical reactivities
camera &
microscopeo
ion trap
v

i\ Z) [ deflector

_‘ \»3» ~ skimmers
A
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‘ Example |I: Mechanism of Diels-Alder reactions

& The Diels-Alder reaction:

~
- ~ i
4 ~
i d ~
’
1
1 1
1 1 —
1 1
1
N~ ”
> -
-

diene dienophile cyclic cyclic
transition product
state

@ Activated Diels-Alder reactions:

diene dienophile

Br
— O
< ( Br

S-Cis

& Open questions:

 Conformational selectivity

S P

s-trans

* Mechanism in asymmetric systems:
concerted or stepwise, synchronicity

Br

@)
Br H
+
Pl
Br

e Polar cycloadditions: effect of charge
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Conformer-specific polar cycloaddition of 2,3-
dibromobutatdiene with propene ions

o+ o+
a .
Br / ( Br ( Br /
— JJ —
Brr X kg Br Kk; =~ pr
gauche s-trans
b
Pulsed valve
N
i - Deflector
. \\ lon trap
) - '-i~§&.~. ]

VUV

e
118 nm //: e

Cooling lasers
397 nm, 866 nm

Ca™* Coulomb crystal Cs;Hg" loaded after reaction
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 Reaction rates of s-trans- and gauche-DBB: both conformers react

1.2
> 10 ° L dm ek d . (» Both conformers react fast
‘© —— Sim. gauche -9 ]
g oe- 7 S trens T (capture limited) !
© ¢ Exp.13kV 2.0
g 05 " s & gauche-DBB reacts 60%
2 o S1s faster than trans-DBB
o 0.2 I
= £1.0-
0.0 1 ; I
6_5 1 . 2 gauche &00.5_
§§ b | Vi v
8 8_ 0 - : v __I__. . \J sl—trans 0.0 0'0 0' :
5 0 > 4 . 5 10
Deflection coordinate y (mm) s — trans population
Deflection profiles of Bimolecular rate
2 3-dibromobutadiene  constants as a function

(DBB) of the relative
conformer population
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@ Rationalisation: simultaneous competition of concerted and stepwise reaction
mechanisms involving both conformers

YA

B gauche | 4\\‘@ %
s_trans X [ } g ,

-10

1
N
o

gauche
stepwise

Energy (kcal mol'l)
w
o

1N
o
|

.50 Potential energy surface % é’h

-60
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Example |ll: Different reactivities of ortho- and para-water

& Like H2 (see Sec. 2.1.3), water H20 consists of
two nuclear spin isomers ortho (o, I=1) and

para (p, 1=0)

 The interconversion between the two isomers
is in principle forbidden in isolated molecules,
by dipole radiation and by dipole collisions

L Interconversion rates between the two isomers

are still disputed in the literature

 Because of the generalised Pauli principle,
they are associated with different rotational
wavefunctions (like in H2, Sec. 2.1.3)

@ Is there a difference in their chemical

reactivity ?

para (1=0)
KaKc=ee or oo
ground state:
Jkakc=000

ortho (1=1)
KaKc = eo or oe
ground state:
JKkakc="101
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Target reaction: H20 + N2H* = H3O* + Nz‘

reservoir electrostatic
deflector

— gas y

.. nozz'e sKiImmer
o.£ ) /
o / / L
L)
. \\ AN N\
z ===

o molecular

beam
yl_>
X Z

MCP Detector
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Reaction rate measurements

@ Deflection profile @ Pseudo-first-order reaction rates at
positions |, Il and ||

1ol — Sim Ok | 1 1l | 100 |
| —- Sim. 15kV 7 ® ® '
— Superposition / @O %
£ 08¢ Exp. 0 kV \ /// \ 3
c ® Exp.15kV / c
- / (@)
8 @i Pop. o-H,O /K =
8 0.6 § Pop.p-H,O / ! Im
/
N l/ \ Z
S 0.41 / b §
= 4 o~ I
o / \ T ® Position |
Z / E -
0.2+ / - i  Position Il
! > 7 Position Ill
0.0 / | 10-T- ¥  Background position Il
-6 -4 -2 0 2 0 200 400 600 800
Deflection coordinate y (mm) Time t (s)

(& Second-order rate constants: * k(para) =6.0(10) x 10-° cm3 s
e k(ortho) =4.8(9) x 102 cm3 s-1
 relative difference: 23(9) %
(as inferred from pseudo-first order rate const.)
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‘ Rationalisation of results: adiabatic capture theory

J=171

0.02L [\

0.00|

& Long-range interaction @ Centrifugally corrected rotationally
potential: adiabatic potentials for H20 (Jkakc) + N2H*
_|_ 0.04} _ | N2I;I+ + o-HIZO 1 0.04 | | N,H*+ p-H,O

0.02 k

0.00} "~

Energy E (eV)
Energy E (eV)

-0.02} -0.02}

-0.04
2.5 0.0 0.5 1.0 1.5 2.0 25

lon-molecule distance R (hm)

—0.040'

5.0

2R4 R?
& Relative difference of rate constant according to
adiabatic capture theory: 24(5) % (expt.: 23(9) %)

& Conclusion: The difference is due to different
rotational averaging of ion-dipole long-range
interactions for the two nuclear-spin isomers.

ortho-water para-water
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Summary

1. Cold molecular ions represent a versatile and powerful m

zLait;‘oerr; :;:':S::::einlgvr:?hly controlled experiments ‘ ‘ ‘ J ‘ ‘ ‘ ‘ ‘ ‘ ‘
a

2. Applications range from molecular quantum e e —

technologies over precision spectroscopy to accurate
studies of chemical reaction mechanisms
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