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‘5. lon-neutral interactions: theory‘

‘ Elements of classical collision theory ‘

& Types of collision events:

e Elastic collisions: total kinetic energy and the internal state of the collision
partners are conserved

* Inelastic collisions: total kinetic energy and internal state of the reaction
partners change, the chemical structure is conserved

e Reactive collisions: kinetic energy, internal state and chemical structure
change
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Elastic collisions

& Elastic collisions, i.e., collisions in which the kinetic energy is conserved, are
the simplest form of scattering events.

& Consider the collision trajectory of two structureless particles
(e.g., atoms) in the centre-of-mass (COM) frame:

& As the total angular momentum is
conserved, two coordinates suffice to
describe the relative motion of the collision
partners. We choose initial

velocity vector

R ... relative position vector

... orientation angle of R with b Tl gk > At
respect to the original velocity ' 0« vector of
torv ] ___________ W S K_ =~ O closest approach
vec
impact relative orientation

: position vector angle
parameter
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Relevant physical quantities

@ Angular momentum: [ =uv xR

L before collision = L after collision:

I[| =L =|uvV x R| where pis the reduced mass

= Qv RsinV initial
QE’ i b velocity vector deflection angle
— — ,U:V
5 T 5 R
. . vector of
L Total energy. ] ——————————— T - —X—- - O closest approach
: ientation
_ _ imbact relative orien
E Ekm + Ecent + Epot pararr)neter position vector angle

kinetic centrifugal potential

1

o1 . , T
— §MR2 - §MR2\I12 +V(R) with the angular velocity V = dV/dt = w
_ ! R2+1 L +V(R) = E= L2 L +V(R)
— P T o LR? — PN o uR?
L = puR%w .

VL(R) ... centrifugally corrected (effective) potential
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& Collision cross section (hard-sphere approximation):
o= ﬂbﬁ]ax

with bmax ... maximum impact parameter

& Collision rate constant: kK = ov

Centrifugally corrected potentials‘ | |

& Centrifugal energy = energy taken up in the
rotation of the position vector R

& Collisional angular momentum L = angular
momentum associated with the rotation of R v, ()
about Y

& The effective potential for the collision contains
both, the interaction potential V(R) and the
centrifugal energy:

centrifugal barrier
1 L2
2 uR2

VI(R) = + V(R)

Centrifugally corrected potentials
VL(R) for Ls>L2>L1> Lo=0
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lon-neutral long-range interactions

© lon-neutral interactions are governed by the long-range part of the interaction
potential which is usually expressed as a power series in the internuclear

distance R: C, C:  Ca

 The C2 term corresponds to the charge-dipole interaction with

dipole moment of the neutral molecule \ / orientation angle of the charge w.r.t. the dipole
Wp cosf

Cr = — % (in atomic units)

This is usually the leading term if the neutral interaction partner is a polar
neutral molecule (it is zero for apolar neutrals and neutral atoms)

* The C3 term is the ion-quadrupole interaction. This is usually the leading term
if the neutral interaction partner is an atom in a P,D,F,... state or an apolar
molecule. If the neutral is a linear molecule with quadrupole moment Q, we

have

quadrupole moment of the neutral molecule \
- R(3cos?6 — 1)
3 p—
2R3

/ orientation angle of the charge w.r.t. the molecular axis

(in atomic units)
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If the neutral interaction partner is an atom in a P,D,F,... state, the C3
coefficient is more conveniently expressed as

- 1+L—A L 2 L . . :
Cs = (-1) y (—/\ o A ) (@llQalle) (in atomic units)
electronic orbital angular momentum (L) and f reduced matrix element
projection (A) quantum number , , of the quadrupole moment Q2
Wigner 3j symbol

* The Csterm is the ion-induced dipole (Langevin) interaction with

scalar polarisability of the neutral
1 e . . .
Cy = -5 (in atomic units)

This is the leading term if the neutral is a structureless polarisable particle,
i.e., an atom in an S state or an apolar molecule with small quadrupole

moment. Usually, the C4 coefficient also has an anisotropic component
because the neutral is not structureless.
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‘ Capture processes

< lon-neutral collisions are often dominated by capture dynamics. This means that
the collision rate is entirely determined by the long-range attractive interactions
between the reaction partner.

 Important example: Langevin capture

() If there are no other energetic
barriers along the collision
coordinate, the centrifugal
barrier constitutes the limiting
factor. Classically, a successful
collision event can only happen
if the collision energy E: exceeds . . . . .
the height of the barrier. Internuclear distance R

& The effective potential VL(R) and hence the height of the centrifugal barrier depend
on the collisional angular momentum L.

Vi(R) = L + V(R)
T o uR?
& The collisional angular momentum in turn depends on the impact parameter b:

IL| =L =pvb

Centifugal barrier

] Collision energy
VL(Rmax) /\ Ec

R

max

Effective potential VL(R)
=)
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& Hence, for a specific collision energy Ec, there is a maximum collisional angular
momentum Lmax With impact paramter bmax Which fulfils the condition:

VL(bmax) — EC

The collisional cross section is hence calculated as:

0
0 = Tbi .

yielding a corresponding rate constant for the collision:
k=ov(E.)
where v(E.) = \/2E./u is the collision velocity at energy Ec.
' lon-neutral collisions often (at least approximately) fulfil classical capture

dynamics as outlined above in the classical collision regime. If the long-range
potential is dominated by the ion-induced dipole ("Langevin™) interaction

1a'e” 1 '=ai/4 larisability vol f the neutral : :
\/ R — _ X' =x/4meo ... polarisanllity volume o e neutra (ln S' UnltS)
( ) 2 47'('80 R4 e ... elementary charge
one obtains from the conditions above the Langevin collision cross section and rate
constant:
o e? T e?
2megE Eolb

Please mind: the Langevin rate constant is independent of the collision energy and,
therefore, of temperature !
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Outline of quantum elastic-collision theory

& The quantum-mechanical problem of the elastic scattering of two structureless
particles reduces to solving the time-independent scattering Schrodinger eq. for
positive energies E:

collisional angular momentum operator

/

h? 1 67 [?
- R +
21 R OR? 2L R?

+V(R)|V(R) = EV(R)

e The Schrodinger eq. has the general solution:
— 1
V,(R) = ﬁwL(R)PL(cos 6)

Legendre polynomial of order L

with the collisional angular momentum quantum number L=0,1,2,...
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* The radial scattering wave functions @.(R) have the asymptotic form

oL (R — o0) ~sin (kR — Lw/2+ )

Scattering phase

where k = +/2uE/h ... wave number of the collision
(E=collision energy, u=reduced mass)

* The scattering cross section is given by —— quantal ’z,’
10° —— quantal 2
A o ——— 474ET

= — Z(QL + 1)sin“n, I e N neutral singlet

o ' N neutral triplet

* In the semi-classical limit (large L), the
scattering phase shift n. for elastic
collisions can be approximated by

-
-
—_—— -

. . . . 2
Elastic cross sections (in units of a,)

7T,LLC4 E [
T]L ~ 4 3 10° A . . . . , L ,
4h L -6 -14 -12 -10 -8 -6 -4 -2
log,,E (a.u.)
* This leads to a semi-classical expression Na* + Na elastic collision
for the elastic scattering cross section: cross sections

1/3 2
_ o [(HCe LR W=SVE
0—7r<h2> <1+16>E
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6. lon-atom hybrid systems \“ a Y

\S

RF Center Electro!!

Substrate

& Hybrid trap: combined ion-atom trap o
(first proposed by R. Cote, W.W. Smith, early 2000s) on Lasers

—— DC Electrode

& Implementations:

MIT

e Surface-electrode ion trap with MOT

e Linear Paul trap with MOT

e Linear Paul trap with magnetic trap and/or
optical dipole trap for atoms in a BEC
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& Example: the Basel hybrid-trap experiment:

e Rb MOT superimposed on atomic/molecular Coulomb crystal in a linear Paul trap
e Tailored for collision experiments between cold atoms and atomic or molecular
ions down to mK energies

780 nm | MOT coil

camera &
microscope

= YCa* S’Rb
ion tfap (4p) 2P1/2 3 2
5p) “P
. R s66nm = O Fa
866 nm _ 780 nm 397 nm (3d) 2D3/2 i 780 nm
397 nm :
(48)°S,, t% (5s)°S, ,
F
MOT coil
355 nm 780 nm
MOT lon trap

e Atom: Rb e|lon: Ca* (Ba),
e Number of atoms: S : molecular ions
N=~105-106 & W eNumber of ions: N=1-1000
¢ Density: n=108-1010 cm-3 | | ¢ Density: n=108 cm-3
e Atom temperature: ¢|lon temperature
T>100 pK (secular): T>6 mK

L e A AP AN s e
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Cold elastic ion-atom collisions

( Elastic collisions between the ions and the atoms typically transfer micromotion
energy to the atoms, leading to their loss from the trap:

Trap loss of Rb atoms by collisions with Ba* and Rb* ions

5 Bat ] 0000
° = 5 ° thermal atom
cloud
3 31
| @ °
<
o thermal atoms =
X 1F o .
N - = partially
5 0 1 2 3 X
£ . — condensed
2 4 9 atom cloud
Q =
O 3l -
% c
o -
ol ke ) )
< 3l | Bose-Einstein
Al (c) condensate
condensed atom cloud
1 1 1 1 1 1 1 1
0% 01 02 03 -120 -80 ~40 | (_) 40 80 120
Interaction time (s) lon position (um)

& Minimizing the atom loss rate as a function of the position of the ion in the trap
can be used to minimize the ion micromotion.
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Sympathetic cooling of ions by atoms

(» Elastic collisions with ultracold atoms lead to the sympathetic cooling of the
trapped ions.

(& Ultracold atoms are heated by the collisions and are lost from the trap.

Sympathetic cooling of a single Yb* ion with ultracold Rb atoms

a s———————— b 400——mF——+—+
qh') (= =]=) @
af g
< . 2 30,000 .
o J
§ 3 g ©
c % © 20,000 T
o of =
= il % L 10,000} .
C
o
' @)
O L —_— L L IR P SR RN BRI PR
0 10 20 30 40 50 60 0 O 10 20 30 40 50 60
Interaction time (ms) Interaction time (ms)
Yb* ion temperature as a Ultracold atom number as a
function of the interaction function of the interaction

time with ultracold Rb atoms time with a single Yb* ion
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‘ Cold reactive ion-atom collisions‘

‘ Light-assisted processes ‘

A Ca* Coulomb crystal Removal of Ca* ions because of chemical
immersed in a cloud of reactions between Ca* and Rb (only Ca*
ultracold Rb atoms fluorescence shown)

& Resonant-excitation mass spectra of

i (ii) after reaction
reaction products:

3 reaction products:
Rb*, CaRb* and Rb2*

Int. fluorescence
(arb. units)

20 40 60 80 100 120

Excitation frequency f (kHz)
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& Potential-energy curves of CaRb*: reaction mechanisms

Lowest
entrance channel
OFT T T P X~ T 1T | ——1 1] Rb(5s)+Ca’(4s)
-~ LN T e T T T T T T IR Cadsdp™P)
HI B &\_x’x ' ) H /,0: L 1 + 7]
— \ Peg . + *——o 2 —
= -5000 - 7@ @Y Z | =
> \ o~ G---0 + _
: \Q\e’ 1 (1)32+ 12 :
&D_IOOOO - radiative association 3H _:
g - or charge transfer A | -
) -15000 (T T P ( )—_ RE+Ca(4s”'S)
_ (1) > d
— 1 | 1 1 | | L1 1 1 | 1 1 | | 1 1 | | 1 1 1 =
5 10 15 20 25 30 35

Internuclear distance R (a.u.)

3 reactive processes:

e non-radiative charge transfer by non-adiabatic transitions at crossings
between two potential-energy curves

e radiative charge transfer by emission of a photon to a lower-lying scattering
state

e radiative association of a molecular ion by emission of a photon to a lower-
lying bound molecular state
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(@ State dependence of reaction rates

 Measured rate constants as a * Potential energy curves of
function of Ca* level populations: excited states:
(a)

25000 e Rb(Ss)+Ca"(4p)

Rb+Ca(4s6p'P)
Rb+Ca(4p” ' D)
Rb+Ca(4s4d'D)
Rb+Ca(4s5p' P)
Rb+Ca(3d4p'D)

20000

Rate constant
k (10" cm?s™)

| RE'+Ca(4s5s's)

Ca' steady state population (%) 15000 rym
5 —_ 4 Rb(55)+Ca'(3d)
— Rb(5p)+Ca’ (ds
Rate constants: e RO R S
& 10000 pri
2 ~ \

2S4/2: ks = 31012 cm3 s D = n R o'
2 . — 410-10 3 -1 2 5 RB'+Ca(4s3d'D)
P1/20 kp 1 05(6) 1 O Cm S Sl/2 g 5000 _: Rb+:ca(4s3d3D)

2Da/: ka < 31012 cm3 s =
o Rb(5s)+Ca’(ds)
3 Rb+Ca(4s4p’P)

40Ca+ 87Rb 5000
(4p) 2P1 " 5 -10000
5p) 2P
X 866 nm Eé )P
397 nm i -15000 Rb'+Ca(ds’'S)
(3d)?D,. | |780nm
2o 5 10 15 20 25 30 35
| Internuclear distance R (a.u.)
2 I
(48) Sl/z —— _1_1 (SS) 2S

F
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@ “Universal” cold reaction dynamics:

 Energy-dependence of rate constants for cold reactions:

Average collision energy <E_ > (eV) Average collision energy <E., > (eV)
10° 10° 10™ 10” 10*
~— ~ 4-.I 0 - — ~ 5 —
g2 g2 4
é g 3_. * g g 31 + +
S = 2 + @ = 7.
$L? JCI 12 ., ¢
® =~ ]- a1 < -
0.01 0.1 1 10 RS | 0
Average collision energy <E >/ k; (K) Average collision energy <E_ >/k; (K)
Ca*+Rb Ba* + Rb

The rate constant does not (or only weakly) scales with the energy for all cases,
in line with classical Langevin theory !
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< Quantum theory for radiative association and charge transfer: cross sections

e Radiative charge transfer:

87-(-2 1 Emax
o7 (e))=p 35 12 Z/ wie (J{J =1, e/|D(R)|ei, D+ (J+ DI+ 1, er| D(R)|ei, I)|?) der
i J=0"0
\ - /
collision energy of reactants transition dipole moments (TDMs) kinetic energy of products

e Radiative association:

RA 87T 1 L

oM@ =p 55 kQZZ( B IT = Lol DBes, ) Aty g0y (7 + D) (I + 1 u[D(R)es, J))
t J=0 v=0

* Non-radiative charge transfer:

TH P —

UNRCT = 2,[1,—E Jz_:o ID,'f(J, E)(2J+ 1)

where p is the statistical weight of the initial scattering state and Pis is the non-
adiabatic transition probability between the initial and the final scattering state.
If the non-adiabatic transition is effected by spin-orbit (SO) couplmg (as in Ca* +

Rb) then P'f can be formU|ated as. Pf(J E) ‘ ,u/ <\Uf|HSO|\U >dR with Hso ... SO coupling operator
0
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¢ Transition to universal classical dynamics:

e Couplings localized in deep
potential well: TDMs independent
of collision energy &i

* TDMs independent of J for large J:
factor TDMs out of sum over J

e Thus: o  J2_ /k? = b?

MaX MaX

as predicted by classical
collision theory

—1/4
® For b, x € /

i

= k = const.

Cold molecular ions in traps: methods and applications

TDM
A

Thus, the energy dependence of the rate constants can be explained in terms of a
classical collision model in line with Langevin theory. The absolute magnitude of
the rate constants, however, is determined by the strength of the short-range non-

adiabatic and radiative couplings.
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‘ Engineering excited-state interactions ‘\\ K j_'_fzs o

o o . . . \‘ @/’ . ‘
& Collisions with atoms in excited states, e.g., populated . L

by excitation during laser cooling, are suppressed - MOT laser

when the time for collision is comparable or longer \/—_—15 +5

than the lifetime of the excited state, e.g., in the Ca - Ca Yb

Yb* system. In this case, the excited state of the atom Charge exchange (CE) in the excited

. 1P4 state of Ca with Yb*is
decays before reactive processes such as charge
suppressed by spontaneous

exchange can occur at short range. emission during the collision before
the system can reach the CE region

& A "catalyst laser" laser can be introduced to excite the at short distances.

system right during the collision at short range thus &
promoting charge exchange in the excited channel. ‘
N . —’-_:_:.:.'.25 +3D
(a) . . . - 1/2
Coupled-—channels i Promotion of charge exchange by a SR @'} Ca Yb
207 Landau—Zener 1 \g

| +

Experiment 1 catalyst laser: Charge-exchange rate .
15l N’;pgggnrﬁ” { ] y 9 g ke Catalyst laser
' constant for Ca-Yb* as a function of

"_g 1.0} : the detuning of the catalyst laser 5,475,
£ 5l i |  from the 1So-1P+ transition in Ca. ca Yb

00 ~———— ~———— " The introduction of a "catalyst laser™ at
Catalyst laser detuning (GHz) a suitable wavelength excites the
system during the collision promoting
charge exchange.

——
—r
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‘ Cooling of trapped ions by charge exchange (“swap” cooling) ‘

() -@®

fast ion, slow atom charge exchange slow ion, fast atom

<

1.00 {
0.50

0.20 |
0.10
0.05

(T (eV)

0.02 |
0.01

0 10 20 30 40 50 60
Number of collisions (10°)

Simulated ion temperature with and without charge-exchange cooling
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Three-body recombination processes between two
ultracold atoms colliding with an ion

LOf ny=1.8:10'2 cm3 § 4’
(a) 0.8}
I ) _
Rb 2 0.6
Rb. @™, :
0 e — =
.. RB — o 04
Rb 0.2
, 0.0l
() Two Rb atoms simultaneously enter the 0
interaction region with a Rb* ion. (ll) A Rb2
molecule is formed in a three-body collision. Probability for a three-body recombination
The energy released in the process sends process as a function of the interaction time
the Rb* on a large trajectory in the trap. for different atom densities nat

Three-body rate coefficient as a function of the
ion energy for Ba* + Rb + Rb -> BaRb* + Rb

102 1071 10° 10!
Eoivi / mK X kp



‘9|l>/ University Cold molecular ions in traps: methods and applications

I\ of Basel

Limits to sympathetic cooling:
Micromotion heating of ions by (ultracold) buffer gases

& Micromotion-Induced Limit to Atom-lon Sympathetic Cooling in Paul Traps

* Due to the time-varying fields in RF ion traps, the ions undergo a fast oscillating
motion driven by the RF fields ("micromotion™) in addition to a slow thermal

("secular™) motion (see chapter 1)
* The micromotion vanishes in the centre of the trap where the RF fields are zero,

but does not vanish elsewhere
It usually represents the dominant contribution to the ion kinetic energy

1D phase-space trajectory of an ion with (blue)
and without (red) micromotion

v [m/s]
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 Even if the ions are perfectly aligned with the RF null line in the centre of a linear
Paul trap, they are pulled away by attractive interactions during the collision with
a neutral particle

 The RF field can does perform work on the ion during a collision, ultimately
leading to heating and setting limits to the collision energy

lia/R V() Examples of trajectories of an ion and an atom during a

ion atom
27 . o . .
atgm . St classical 1D low-energy collision at different phases ¢ of the
) E&=0 ¢ li-la .
N s N RF field.
0.5+ =nt/2: collision leads to heating of ion
1on ' WJ\J\M /’ t—t TY .
. S Al e 0 p=3n/2: initial removal of energy from the ion, but frequent
-0.1 > 0.1 0.2 . \ ; 0.6 . . .
—0.5F s X recollisions lead to eventual heating
i \-\\“‘\ ?ZT[/Z/\,/"/’

-15*¢

 The heating induced by the micromotion depends on the mass ratio of the neutral
and the ion. Cold buffer gases which are too heavy do not, in fact, lead to cooling,
but to heating of the ions.

106 — T - T T ot T o T
10° bag e, mn,/m; 4 Simulated energy distributions of a cold ion in an RF trap after
4 ®q0 e ’-“%-t - . h . o o . . .
107 k" e® teeaTilitee, 0251 25 ion-neutral collisions for different neutral-ion mass rations
. 103 Q'Q;r’ 20000 0,, -- 0.5 2
802 W -- 1.0 1 mn/m;for abuffer gas held at T=0 K. The micromotion heating
& ‘e _ crn e . . .
=~ 10! \Q <.:'~<g.. ;g i becomes more pronounced with increasing mn/m;, i.e., heavier
10° "o .\0\‘\0{0 - . .
N e \o @
101k (b) e SR, buffer gases.
10-2 N Y Y B B "‘.\I.\ e \.\o. AT
107 10° 10° 10" 107 10% 10%' 10° 10!

E/K
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* This effect can be mitigated by a localisation of the buffer gas, i.e., for cases in
which the ion trajectory is larger than the extent of the buffer gas

a) g1 T T T 1 : :
@) -69 o —wihromor 1 Number of 39K* jons remaining in an ion trap as a function of

m - withot ROMOT | the hold time with and without a localised buffer gas of
ultracold 85Rb atoms held in a MOT. The localisation of the
buffer gas leads to a partial cooling of the initially hot ions
(prolonging their trap lifetime) in spite of the adverse neutral-
ion mass ratio.

No. of K" ions
o

4l | ] l | .
0 5 10 15 20 25

Hold time (s)
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@ Experimental demonstration of micromotion heating in hybrid traps:
Dynamics of a ground-state cooled ion colliding with ultracold atoms

* Interactions of ultracold Rb atoms ¢ The cold ions collide with the ultracold

(T=5 pK) with Sr* ions cooled to atoms in the RF field of the ion trap. The
the motional ground state of the resulting coupling of micromotion with the
trap: secular motion leads to ion heating and a
non-thermal distribution of the ion energies
E which is often modelled by a Tsallis
A distribution:
R— P(E) = (n—3)(n— Q)gn —1) E2 n
el (145
¢ S with n= :
5P3/5 (8n5) mmmme 7 iﬁ}ms gr — 1
— 2 MHz/@ gr is the Tsallis parameter which describes
Pl 78 /—*'73'93%) 4Dy, the deviation from thermal (Boltzmann)
422nm (435ms) 4D, behaviour. For qt—1, P(E) becomes a
e thermal distribution.

551/2_‘\~~~ 1/2

~
~ _1/2} 2.8 MHz/G
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* lon temperature and n-exponent
as a function of the number of
collisions with the atoms:

* Rabi flops as a function of collision time in
the interval t=0-6.5 ms (a-f) with ultracold
Rb atoms and fits assuming thermal vs.

Tsallis statistics: t [ms]
interaction
’ 25 1001. 2 3 - ‘.T 5 6
a d g ﬁ erma
1 N
) / \ <N\ 2‘C; 10 [ )
o 0.5 / \ 7N - T T 7% % ®lTsallis o g
y % ] F
0
b e
_ A
\ >
n= 05} / N ~
/
0
y dashed line: thermal distribution 0 . . .
o LA N _ 5 10 15 20
n~ 0.5 . N s # of Langevin collisions
4 é
¢ solid line: Tsallis distribution (n=3.9)
0 5 10 15 20 O 5 10 15 20 25

to [us]

to [us]
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* lon heating dynamics and steady-
state temperature

sim.: 100 mK excess micromotion energy

e a8 2o o g e
O ™ e

expt.: 100 mK excess micromotion energy

3 ¢

sim.: 12 mK excess micromotion energy

0 V expt.: excess micromotion minimized

0 50 100 150 200 250
# Langevin collisions

* Despite initially being cooled to the
motional ground state, the steady-state
temperature was determined to be
T=7 mK.

e Conclusions: despite the initial
ultracold temperatures of both
ions and atoms, the ion heating
dynamics through collisions in the
RF field leads to ca. 3 order of
magnitude higher steady state
temperatures. In this case,
ultracold (T<1 mK) processes can
only be studied during the first
few collisions.
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Ultracold ion-atom collisions

(o Because of its dependence on the neutral-ion mass ration, the problems with
micromotion heating of the ions can be mitigated by pairing a light buffer gas with
heavy ions.

(& Choosing a very light ultracold buffer gas (6Li) with a very heavy ion ('71Yb*)
recently enabled the observation of quantum signatures in ultracold ion-atom
collisions in the few-partial-wave regime

(& After Doppler laser cooling, the Yb* are buffer-gas
cooled by the ultracold Li atoms (at T=2 uK) to
T=100 pK limited by residual micromotion heating.

 Note that because of the kinematics of the
collisions with reduced mass [, the collision
energy between ions (energy Ei) and atoms
(Energy Ea.) is given by:

mirror

M M
Experiment: Yb* ions in a RF trap Ecol = E E;i + HEa
immersed into ultracold Li atoms in an : a
optical dipole trap yielding Eco 2 10 pK which is much smaller than

the ion energy and close to the s-wave regime.
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« Subsequently, spin-exchange collisions for Yb* (F=1—F=0) with Li were studied as
a function of the collision energy

~ The collision energy was tuned by imparting the ions excess micromotion by
moving them away from the trap axis with static electric fields

0.7

) The collision cross section was
I found not to be constant with

} Ecol, as predicted by Langevin
Jr

'1

o
o))

— theory, but showed a clear
energy dependence and
_ structure.

o
o1

Spin flip probability

F=0  Using quantum scattering
0.4 ' ' ' — ' calculations (red line in the
0 200 400 600 800 1,000

E. /Ky (1K) figure), the data could be
interpreted in terms of quantum
signatures in the collisions such

as shape resonances.
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‘ 7. Molecular ions in hybrid traps ‘

‘ Charge transfer dynamics in N2*/ O2* + Rb ‘

Experiment Simulation

& Molecular ions are produced by photoionization
and sympathetically cooled into a Ca* Coulomb
crystal

& Charge exchange according to:
N2*/ O2* + Rb = N2/ O2+ Rb*

© Reactions in Rb (5s) 2S4,2 and (5p) 2P32 states

Reaction time
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& Tuning collision energies: a "dynamic" ion-atom hybrid trap for cold atoms and
molecular ions
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¢ Electron transfer in the millikelvin regime:

IN2* + Rb = N2 + Rb* 02* + Rb — Oz + Rb*

 Entrance and product channels for electron transfer

entﬂangezcrlannelsl product channels entrance channels product channels
N; (X"255)+ ... | Rb™ ((4p°) 'Sg) + N, . 05 (X My + ...t RD' ((4p°%) 'Sp) + O, ..
108000 F | . 4135 80000 - I
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g 96000 [ NE %5t £ o : 185 2
© 94000 |- S ® o 68000 - ; R R
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e Collision-energy dependence of channel-specific rate constants
A = : < 8"
"y 11078} oy 11078
" o = 8
S 6r S I
X i X 6F
= 41 =
® 8
® Lanaevin N2* + Rb (2S1)2) 7 |
c £ 4t |
5 2} o % y L 4 ¥.
% * Y * Y % [ Lanaevin Oz2* + Rb (2841/2) 1
@ { @
19000 7% 0 A S S D DU N B
14 16 18 20 22 24 26 28 16 18 20 22 24 26 28 30

Collision energy Ecoll / kb (mK) Collision energy EcoII / kb (mK)
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@ Charge-transfer dynamics in N2* + Rb (2P3/2):

Effective potential
V, (hcecm b}

* The charge-transfer rate constant measured for the excited N2* + Rb (2P3/2)
channel at 20mK is k=2x10-8 cm3s-1. Compare with Langevin rate constant for
this system: k.=6.6x10-2 cm3s-1

* Rb in the 2P3)2 state exhibits a permanent quadrupole moment. Thus, during the
collisions there are charge-quadrupole (CQ) interactions in addition to the

charge-induced dipole (CID, Langevin) interactions
. - CQ—c;, ¢,—cp
Interaction potential: V(R) = D
e The CQ interaction is strongly energy dependent and leads to a considerably
increased capture rate constant at very low energies.

Long-range potentials: & Predicted rate constants:

o Comparison with expt.

0.029° CID + CQ + centrifugal pot. (@20 mK) = S
0.01 S ~ = 9l ‘
S w154 = =
0.00- CID g & &
L o 20 30 4050 60
CID +CQ 2% CID +CQ E,,/ ky (mK)
-0.01 S =
S @ = 1.0
T
-0.02 = CID (Langevin)
>
=
-0'03 ! | ! | ! | ! | 0.5 T T L ) T T —TrTrTTTy T T —rrTTTy T T L ) T T T
0 200 400 600 800 0.01 0.1 1 10 100

Nz* - Rb distance R (A) Collision energy E_, / k, (K)

coll



R 050% gfnli}\geslifv Cold molecular ions in traps: methods and applications

Q Charge-transfer dynamics in N2* + Rb (2S1/2):

* In the N2* + Rb (2S4/2) channel, the charge exchange is still fast, but considerably
slower than the Langevin rate which would be expected for a capture-limited

process in this case

* Thus, short-range effects must play an important role here

N2+ + Rb (2S4/2): angle-dependent potential surface in the
triplet channel

o771 10
0=45° |

10

NS (X2Z)+Rb | N3(X?Z;)+Rb |

energy (103 cm™)
energy (10% cm™)
energy (102 cm™)

-10 10 b . 10 b

B U S [ IS I — R Y U S Y U I —| R Y U Y Y U I —|
3 6 9 12 15 18 21 24 3 6 9 12 15 18 21 24 3 6 9 12 15 18 21 24
R (bohr)

R (bohr) R (bohr)

Non-adiabatic charge-transfer occurs around two crossings between
potential energy surfaces. The coupling between the surfaces is
strongly dependent on the orientation angle 6 between N2* and Rb
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e Classical and quantum-dynamics simulations of the collisions reveal a
complex collision dynamics with often multiple crossings through the curve
crossings (see the trajectory above) and that the charge transfer kinetics is
determined by a subtle interplay between long-range and short-range
interactions and the detailed topology of the potential-energy surface

* Visualisation of a reactive trajectory « Comparison expt. vs.

theoretical (quasiclassical and
red contour lines: .
entrance potential surface quantum dynamics) charge-

blue contour lines:

charge-transfer potential transfer rate constants

surface

red/blue trajectories indicate
motion on the entrance/CT
potential surfaces

N, - Rb distance R (a.u.)

dashed lines:

crossings between the

potential surfaces at which a

5 15 &5 55 155 155 T80 transition between the _ _
N, - Rb orientation angle © (°) surfaces can occur % {,

Rate coefficient k (cm3 s'1)

Q 8 110} Quaswlatsncal trajectorles Quantum Dynamics

25 30
CoII|S|on energy E II/ kg (mK)
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‘ Synthesis of exotic chemical species in hybrid traps ‘

(2 The peculiar chemical environment of a hybrid
trapping experiment lends itself to the synthesis
of exotic chemical compounds which otherwise
have so far not been obtainable by other means.

& An example is the synthesis of the mixed
hypermetallic oxide BaOCa* in a Ca-Ba* hybrid
trap experiment.

( BaOCa* was obtained in reactions of laser-cooled
Ca atoms with BaOCHs3*, which in turn was
synthesised from Ba* reacting with methanol
CH30H leaked into the chamber

Einzel lens CEM

Experiment: A hybrid trap coupled to
a time-of-flight mass spectrometer
for chemical analysis

Ba® ]

—+

£ BaOCHSC‘ @€

lon number (arb. u.)

140 160 180 200
Mass (u)

Sample mass spectrum after leaking
methanol CH3OH into the chamber
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“ Quantum-chemical calculations revealed that the reactions occur with laser-
excited Ca 3P atoms from the MOT with BaOCH3* on the excited triplet surface

A B
— L [ [ [ [ [ [
60 - S 50}
Ca(SPJ) " £ [eaepyTTTTTT .
40 ) § 30 t
| e S AN ]
= ~ 10} triplet
(@] 20— ? U)o
£ L cas)] :,,—\ S0l o/ —
§ Ol 2 1! "' — 2| O R IR PR PR RPN A R B
e J+004J\‘_:, e«“—/' @ oot @ EC L -
-2 husl
g 0_Ca+BaOCH — N ‘l‘ ,' BaOCa* + CH, =10 | smglet
T -40 Voo e
LLI - — [ 1 | 9'10 ]
@ | I Qo —
-60 |- y S-30 [ T
2D > .
-80 | ? %-50 .
oo o -12 20
IRC u”2 bohr

peculiar chemical-bonding characteristics.

~ The hypervalent metal oxide BaOCa* is of interest to chemists because of its



