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MOTION trap: A hybrid neutral-ion 
environment
for fundamental physics, quantum chemistry, and 
quantum information

•Part 1: atom-ion quantum chemistry
•Part 2: Cold Molecular ions

The MOTION trap:

A new direction:

• The Neutral-Ion Interaction
•Ultracold charged Molecules

•Introduction to the MOTION trap
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Experimental Implementation of MOT-ION trap

Ca MOT
low mass
reduced 
reactivity
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Probing Quantum gases

Ion alters quantum gas, novel 
interactions, potential probe

Koehl & Denschlag
e.g. Nature 464 388 (2010).

Novel Charge transport

Quantum simulation of charge transport
COTE
e.g. PRL 85 5316 (2000).
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• the Neutral - ion interactions

Atom and Ion interact with 1/r4 separation 
dependence

+
V	  =	  -‐1/2α|E|2	  =	  -‐C4/r4

Rel. Unstudied at cold/Ultracold temperatures

Before applications & Technologies are possible 
there is still Lots to learn! Primarily:

•atom-ion (quantum) Chemistry
• ultracold atom-ion collisions
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Dipolar	  physics	  seems	  harder,	  but	  perhaps	  recoverable.
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•Why use ultracold molecular ions?

Ion-atom chemistry not well-understood:
Z. Idziaszek et al., Phys. Rev. A 79, 010702 (2009).
J. Woodall et al., Astron. Astrophys. 466, 1197 (2007).

D.I. Schuster et al., PRA 83 012311 
(2011).

Cavity QED with molecular ions:
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Cavity QED with molecular ions:

Charged molecules are much easier to control
• Static/Dynamic E-B fields produce potentials with 
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•  Secular frequency scans indicate 
mass = 80 amu

This journal is c the Owner Societies 2011 Phys. Chem. Chem. Phys.

overwhelm the trapping potential.17 Further evidence to support
this conclusion comes from measurements at different MOT
parameters with different characteristic loading times which
reach the same approximate equilibrium ion number, as
well as measurements counting 40Ca+ and 174Yb+ loaded by
photo-ionization and laser ablation, respectively.

To confirm that the dimer ion is produced by collisions
within the MOT and not by other means, such as collisions of
MOT atoms with hot Ca from the getter, we measure the
production of molecular ions as a function of MOT density, as
shown in Fig. 4. For the data in this figure we detect the dimer
ion number after 1.9 s of loading at various densities. We vary
the density by controlling the intensity of the 672 nm repump
laser; the density at each point is determined by absorption
imaging. Quadratic dependence is found for sufficiently small
densities, but trap saturation, due to the space charge effect,
leads to a constant ion number at higher densities. The
dependence of the molecular ion production rate at smaller
densities is indicative of a two-body process as would be
expected for PAI between MOT atoms.

To determine the number of photons required for the PAI,
we conduct a similar experiment as a function of overall
423 nm laser light power with results shown in Fig. 5. Since
the position and density of the MOT are sensitive to the exact
power balance between the deceleration and trapping beams,
there is higher systematic uncertainty in this measurement.
However, we observe a trend that is consistent with quadratic
dependence, drawn as a dashed line to guide the eye in Fig. 5.
This trend is observable by independently attenuating either
the deceleration beam or the trapping beams, indicating that
the PAI production pathway is sufficiently off-resonant that
the beams contribute in the same way in the ionization
process. Thus, we conclude that the 40Ca2

+ molecular ions
are most likely produced by a two-body, two-photon production
mechanism as detailed in what follows. Because space charge
effects dominate the LQT loading dynamics, the molecular ion
production rate cannot simply be analyzed in terms of the
competing rate equation model typically employed in trap

Fig. 3 Measurement of the ion number as a function of loading time

is shown in panel (a). In panel (b), trap lifetime is measured by loading

the trap to saturation and stopping production for a fixed amount of

time before detection. Characteristic times are found by exponential

fits (dashed lines).

Fig. 4 Ion number measured as a function of the MOT density

determined by absorption imaging. A quadratic trend (with a best fit

shown to guide the eye) is observed until trap saturation occurs at

higher densities (shown in the points with open circles).

Fig. 5 Normalized production rate as a function of overall 423 nm

laser power incident upon the MOT. Data are obtained both by

attenuating the deceleration beam at fixed trapping power and by

attenuating the trapping beams at fixed deceleration power. A quadratic

fit is shown as the dashed line.
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•Some surprising chemistry
Our first surprise: Photo-Associative ionization

When operating ONLY the MOT we observe an 
anomalous, large ion signal:

•  Production also appears quadratic 
in the intensity of the MOT beams 
indicating a two-photon process

•  Production increases as the 
square of the density of the MOT 
indicating a two-body process

Ca + Ca + 2γ → Ca2
+ + e−

??
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loading dynamics. Therefore, in order to estimate this rate, we
postulate that the number of Ca2

+ molecular ions, N, in the
ion trap as a function of time is given as:

dN

dt
¼

Z
Zðr!Þbðr!ÞrCaðr

!Þ2 1$ N

No

! "
d3 r

!

¼ !Z!bV!r2Ca 1$ N

No

! "
;

where the average production rate is characterized by !b, the
two-body intensity dependent rate coefficient; !Z is the average
of a spatially varying capture efficiency which quantifies the
probability of successfully trapping an ion formed at a particular
location; !r2Ca and V are the average squared MOT density and
volume, respectively. The last factor is an ad hocmodel to take
into account the trap saturation at the observed maximal ion
number No E 3000 % 300. This model allows us to use full
loading curve measurements to set a lower bound on the
production rate in a way that is equivalent to performing
a model independent linear fit to only the very early (N E 0,
t E 0) portion of the loading curve, where space charge effects
should be minimal. The rate coefficient from the fit, assuming
perfect trap capture efficiency (!Z - 1), to the loading curve
shown in Fig. 3 is found to be !b= 2 % 1 & 10$15 cm3 Hz. This
rate coefficient should only be interpreted as a lower bound to
the true rate constant since the capture efficiency is taken to be
its maximal value. Interestingly, this rate coefficient is comparable
to observations in alkali systems19,20 when scaled to the
relatively low intensities found in this experiment. This bound
is independent of any assumptions about the specific mechanism
leading to the PAI event.

In order to determine the specific PAI pathway for molecular
ion production, molecular potential curves for the neutral
40Ca2 and ionic 40Ca2

+ molecules are presented in Fig. 6. The
potentials of the X1S+

g and B1S+
u states of 40Ca2 are constructed

from spectroscopic data in ref. 21 and 22. Other potentials are
determined using non-relativistic configuration-interaction
molecular-orbital restricted-active-space (MOL-RAS-CI)
calculations. From these molecular potentials it is clear that
there are several energetically allowed pathways for associative
ionization that must be considered:

Ca + Ca+ - Ca2
+ + g (1)

Ca(P) + Ca(S) + g - Ca2
+ + e$ (2)

Ca(P) + Ca(P) - Ca2
+ + e$ (3)

Ca(D) + Ca(S) + g - Ca2
+ + e$ (4)

CaðSÞ þ CaðSÞ þ g ! Ca(2 þ g ! Caþ2 þ e$ ð5Þ

The first pathway (1) is the radiative association of the atomic
ion with its neutral partner. To investigate this reaction, we
trap large amounts of 40Ca+ and monitor the production of
40Ca2

+ in the presence of the MOT. We see no evidence of this
production mechanism and conclude that radiative association
cannot be the dominant pathway.

The next two pathways are single step processes in which
one of the collision partners resides in an excited state before
the collision reaches the Condon point, where a free-to-bound
transition is possible. The excited collision pathways (2, 3) are

ruled out because the duration of the cold collision is longer
than the excited 41P1 state lifetime. As discussed in ref. 19,
excited atoms are unlikely to be in close enough proximity to
undergo association since the 423 nm laser driving the transition
is far detuned due to the inter-atomic interaction even at
distances large compared to the Condon length.
The other excited collision pathway (4) cannot be ruled out

due to collision duration argument19 because the 31D2 Ca state
is relatively long lived, with a radiative lifetime of B1 ms, and
could survive for the duration of a collision event. To quantify
this production mechanism, we must consider the dependence
of the dimer ion production on the partial density of 31D2 Ca
in the MOT. In the steady state, the density of 31D2 state Ca
can be determined as rD = (GPDrCaree)/(Grad + GKE) where
rCaree is the density of atoms in the 41P1 state, GPD is
the radiative decay rate for the 41P1 - 31D2 transition, Grad

is the total radiative loss rate from the 31D2 state, and GKE is
the ballistic escape rate from the MOT volume. The ballistic
escape rate is determined to be 1.4 % 0.2 kHz by fitting to the
cloud volume evolution measured during free expansion of the
MOT atoms. The total radiative loss rate is determined by
solving a rate equation model for the effect of the repump laser
on the 31D2 state population that includes the 51P1 and 41S0
states as well as the losses into the 33P2,1 states. Using this
system of rate equations, the partial density of 31D2

40Ca is
determined for each data point in Fig. 4. The result, after
dividing out the overall quadratic density dependence, is
plotted in Fig. 7. Despite the fact that the density of 31D2

Ca varies by over a factor of two, the rate constant is unchanged.
We note that the two points in open circles correspond to the

Fig. 6 Molecular potentials of 40Ca2 (black curves) and 40Ca2
+ (red

curve). Two vertical arrows indicate the energy carried in the 423 nm

MOT photons. We observe that the ground state potential of the

molecular ion is in the same energy region as the potentials dissociating to

two 1P 40Ca atoms.
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points in Fig. 4 where the ion number is space charge limited,
and should be ignored. Therefore it appears that the 31D2 is
unimportant for the observed PAI and thus pathway (2) is
ruled out.

Therefore, we conclude that the two-step, two-photon PAI
process (5) is responsible for the observed production of 40Ca2

+

molecular ions. This formation proceeds by the excitation
scheme sketched in Fig. 6, where colliding neutral atoms are
photo-associated into an excited neutral molecule state, which
is subsequently excited to the ground molecular ion state
or a further excited, auto-ionizing neutral molecule state.
Sympathetic vibrational cooling of the excited neutral molecules
by the MOT15 would introduce a multitude of strong pathways
to molecular ion formation, however, given the short molecular
excited state lifetime, there can be no significant vibrational
relaxation. Thus, the first step in the molecular ion formation
process is excitation to the last bound state, vi = 190, of the
B1S+

u (Ca2) state, which is detuned from the MOT laser beams
by only B0.2 cm!1. Molecular ion formation from this state
via direct ionization on the X2S+

u (Ca2
+)’ B1S+

u (Ca2) pathway
appears unlikely as the nearest-resonant, excited vibrational
state, vf = 80, has a Frank-Condon factor (FCF) of B10!8

and is detuned from the MOT laser beams by B20 cm!1.
Molecular ion formation via an auto-ionization transition
most likely occurs to the vf = 74 vibrational state of the C1S+

g

potential, which has a FCF of B10!6 and is detuned from the
MOT laser beams by only B0.4 cm!1. Thus, while both
processes can contribute to the molecular ion formation,
the majority of the ions are formed via auto-ionization of an
excited neutral molecule state. We note that this step-wise
pathway mechanism agrees well with the conclusions of
ref. 23.

In summary, we have observed the formation of 40Ca2
+

molecular ions and found a lower limit of its production rate
constant at !b Z 2 " 1# 10!15 cm3 Hz. From the dependences
of the production rate on MOT parameters and ab initio
calculations, we have determined that the production mechanism
is a two-step, two-photon photo-associative ionization out of
the ground state molecular potential that proceeds via an
excited, auto-ionizing neutral molecule state. We produce
approximately 3000 molecular ions, limited only by the space
charge capacity of the ion trap. As this technique does not
require a separate photo-association laser, it could find use as
a simple, robust method for producing ultracold molecular
ions. While molecular ions produced in this technique are
found in specific highly excited ro-vibrational levels, further
interaction with the MOT should lead to relaxation to the
internal ground state.15

This work was supported by NSF grant No. PHY-1005453,
ARO grant No. W911NF-10-1-0505 and AFOSR grant.
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In collaboration with Prof. Svetlana Kotochigova of 
Temple University

Similar results observed in Na -- Lett & Gould
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loading dynamics. Therefore, in order to estimate this rate, we
postulate that the number of Ca2

+ molecular ions, N, in the
ion trap as a function of time is given as:

dN

dt
¼

Z
Zðr!Þbðr!ÞrCaðr

!Þ2 1$ N

No

! "
d3 r

!

¼ !Z!bV!r2Ca 1$ N

No

! "
;

where the average production rate is characterized by !b, the
two-body intensity dependent rate coefficient; !Z is the average
of a spatially varying capture efficiency which quantifies the
probability of successfully trapping an ion formed at a particular
location; !r2Ca and V are the average squared MOT density and
volume, respectively. The last factor is an ad hocmodel to take
into account the trap saturation at the observed maximal ion
number No E 3000 % 300. This model allows us to use full
loading curve measurements to set a lower bound on the
production rate in a way that is equivalent to performing
a model independent linear fit to only the very early (N E 0,
t E 0) portion of the loading curve, where space charge effects
should be minimal. The rate coefficient from the fit, assuming
perfect trap capture efficiency (!Z - 1), to the loading curve
shown in Fig. 3 is found to be !b= 2 % 1 & 10$15 cm3 Hz. This
rate coefficient should only be interpreted as a lower bound to
the true rate constant since the capture efficiency is taken to be
its maximal value. Interestingly, this rate coefficient is comparable
to observations in alkali systems19,20 when scaled to the
relatively low intensities found in this experiment. This bound
is independent of any assumptions about the specific mechanism
leading to the PAI event.

In order to determine the specific PAI pathway for molecular
ion production, molecular potential curves for the neutral
40Ca2 and ionic 40Ca2

+ molecules are presented in Fig. 6. The
potentials of the X1S+

g and B1S+
u states of 40Ca2 are constructed

from spectroscopic data in ref. 21 and 22. Other potentials are
determined using non-relativistic configuration-interaction
molecular-orbital restricted-active-space (MOL-RAS-CI)
calculations. From these molecular potentials it is clear that
there are several energetically allowed pathways for associative
ionization that must be considered:

Ca + Ca+ - Ca2
+ + g (1)

Ca(P) + Ca(S) + g - Ca2
+ + e$ (2)

Ca(P) + Ca(P) - Ca2
+ + e$ (3)

Ca(D) + Ca(S) + g - Ca2
+ + e$ (4)

CaðSÞ þ CaðSÞ þ g ! Ca(2 þ g ! Caþ2 þ e$ ð5Þ

The first pathway (1) is the radiative association of the atomic
ion with its neutral partner. To investigate this reaction, we
trap large amounts of 40Ca+ and monitor the production of
40Ca2

+ in the presence of the MOT. We see no evidence of this
production mechanism and conclude that radiative association
cannot be the dominant pathway.

The next two pathways are single step processes in which
one of the collision partners resides in an excited state before
the collision reaches the Condon point, where a free-to-bound
transition is possible. The excited collision pathways (2, 3) are

ruled out because the duration of the cold collision is longer
than the excited 41P1 state lifetime. As discussed in ref. 19,
excited atoms are unlikely to be in close enough proximity to
undergo association since the 423 nm laser driving the transition
is far detuned due to the inter-atomic interaction even at
distances large compared to the Condon length.
The other excited collision pathway (4) cannot be ruled out

due to collision duration argument19 because the 31D2 Ca state
is relatively long lived, with a radiative lifetime of B1 ms, and
could survive for the duration of a collision event. To quantify
this production mechanism, we must consider the dependence
of the dimer ion production on the partial density of 31D2 Ca
in the MOT. In the steady state, the density of 31D2 state Ca
can be determined as rD = (GPDrCaree)/(Grad + GKE) where
rCaree is the density of atoms in the 41P1 state, GPD is
the radiative decay rate for the 41P1 - 31D2 transition, Grad

is the total radiative loss rate from the 31D2 state, and GKE is
the ballistic escape rate from the MOT volume. The ballistic
escape rate is determined to be 1.4 % 0.2 kHz by fitting to the
cloud volume evolution measured during free expansion of the
MOT atoms. The total radiative loss rate is determined by
solving a rate equation model for the effect of the repump laser
on the 31D2 state population that includes the 51P1 and 41S0
states as well as the losses into the 33P2,1 states. Using this
system of rate equations, the partial density of 31D2

40Ca is
determined for each data point in Fig. 4. The result, after
dividing out the overall quadratic density dependence, is
plotted in Fig. 7. Despite the fact that the density of 31D2

Ca varies by over a factor of two, the rate constant is unchanged.
We note that the two points in open circles correspond to the

Fig. 6 Molecular potentials of 40Ca2 (black curves) and 40Ca2
+ (red

curve). Two vertical arrows indicate the energy carried in the 423 nm

MOT photons. We observe that the ground state potential of the

molecular ion is in the same energy region as the potentials dissociating to

two 1P 40Ca atoms.
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Charge-exchange
chemical rxn?

Yb+ + Rb ~ 3.5 x 10-14 cm3s-1

[C. Zipkes et al., Phys. Rev. Lett. 105, 
133201 (2010).]

Ba+ + Rb ~ Similar rate
[S. Schmid et al., Phys. Rev. Lett. 105, 
133202 (2010).]
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1/τ = ρ �σv� = ρK

K ≈ 1

12 s · 5× 109 cm−3
= 10−10cm3s−1

IP(Ca) = 6.1 eV
IP(Yb) = 6.3 eV

Charge-exchange
chemical rxn?

Yb+ + Rb ~ 3.5 x 10-14 cm3s-1

[C. Zipkes et al., Phys. Rev. Lett. 105, 
133201 (2010).]

Ba+ + Rb ~ Similar rate
[S. Schmid et al., Phys. Rev. Lett. 105, 
133202 (2010).]

[J.B. Kingdon, Mon. Not. R. Astron. Soc., 274 
425 (1995).]
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What is a charge-exchange chemical rxn?
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Three types of rxns:

I. non-radiative charge exchange

Ca	  +	  Yb+	  ➞	  Ca+	  +	  Yb
-‐	  Landau-‐Zener	  type	  transiIon

In collaboration with Prof. Svetlana Kotochigova of 
Temple University
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I. non-radiative charge exchange

Ca	  +	  Yb+	  ➞	  Ca+	  +	  Yb
-‐	  Landau-‐Zener	  type	  transiIon

II. radiative charge exchange

Ca	  +	  Yb+	  ➞	  Ca+	  +	  Yb	  +	  ɣ
-‐	  Free-‐to-‐free	  molecular	  E1	  trans.
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Ca	  +	  Yb+	  ➞	  Ca+	  +	  Yb	  +	  ɣ
-‐	  Free-‐to-‐free	  molecular	  E1	  trans.

III. radiative association

Ca	  +	  Yb+	  ➞	  (CaYb)+	  +	  ɣ
-‐	  Free-‐to-‐bound	  molecular	  E1	  trans.
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•Some surprising chemistry
What is a charge-exchange chemical rxn?

Internuclear	  distance,	  R	  

En
er
gy
,	  E

Ca Yb+

Ca Yb
+

Ca Yb+

Simple Landau− Zener nonadiabatic transition

Hopping probability : p = exp

�
−2π∆E

2

�∆Fv

�

Reaction probability = 2p(1− p)

15



16

•Some surprising chemistry
What is a charge-exchange chemical rxn?

!"#

!$

!%

!&

!'

#

'

(
)*+
,-
./"
#0
.,
1
!"
2

3 ' 4

5 ' 4

674894

674489

% $ "# "' "& "% "$ '#

:./7.2;

!'

#

'

&

%

<.
/7
=>
=2

:./7.2;
% $ "# "' "& "% "$ '#

!"

Three types of rxns:

I. non-radiative charge exchange

Ca	  +	  Yb+	  ➞	  Ca+	  +	  Yb
-‐	  Landau-‐Zener	  type	  transiIon

II. radiative charge exchange

Ca	  +	  Yb+	  ➞	  Ca+	  +	  Yb	  +	  ɣ
-‐	  Free-‐to-‐free	  molecular	  E1	  trans.

III. radiative association

Ca	  +	  Yb+	  ➞	  (CaYb)+	  +	  ɣ
-‐	  Free-‐to-‐bound	  molecular	  E1	  trans.

In collaboration with Prof. Svetlana Kotochigova 
of Temple University
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Three types of rxns:

I. non-radiative charge exchange

Ca	  +	  Yb+	  ➞	  Ca+	  +	  Yb
-‐	  Landau-‐Zener	  type	  transiIon

II. radiative charge exchange

Ca	  +	  Yb+	  ➞	  Ca+	  +	  Yb	  +	  ɣ
-‐	  Free-‐to-‐free	  molecular	  E1	  trans.

III. radiative association

Ca	  +	  Yb+	  ➞	  (CaYb)+	  +	  ɣ
-‐	  Free-‐to-‐bound	  molecular	  E1	  trans.

   Avoided crossing gives rise to a large (several Debye) transition moment
+ Ca and Yb have similar dispersion coefficient

Lots of shape resonances , Large 
radiative rates

In collaboration with Prof. Svetlana Kotochigova 
of Temple University
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•Some surprising chemistry

• Good Agreement with 
total rate

• Remaining mystery: 
No molecular ion 
formation observed

• Generic theory 
result, but most 
ultracold experiments 
have never observed 
the formation of a 
single molecular ion...
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More details:  W.G. Rellergert et al., Phys. Rev. Lett. 107, 243201 (2011)
in collaboration with Svetlana Kotochigova

•Some surprising chemistry

• Good Agreement with 
total rate

• Remaining mystery: 
No molecular ion 
formation observed

• Generic theory 
result, but most 
ultracold experiments 
have never observed 
the formation of a 
single molecular ion...

Need for more work
➞	  Impact Physics, chemistry, astrophysics 
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•Some surprising chemistry
Resolving single isotope chemistry

Reactants:	  40Ca	  +	  nYb+
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•Some surprising chemistry
CaBa+ channel dependent rate constants

Atom-ion Chem Rxn Rules 
of thumb:
•Short-lived atom excitation is 
unimportant
• Avoided Crossings (nRCT) 
• Avoided crossings (RCT & RA)

Sullivan et al., Phys. Rev. Lett. 109, 223002 (2012)
in collaboration with Svetlana Kotochigova
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Ca+ + Rb
Hall et al., Phys. Rev. Lett. 107, 243202 (2011) 

•Some surprising chemistry
CaBa+ channel dependent rate constants

Atom-ion Chem Rxn Rules 
of thumb:
•Short-lived atom excitation is 
unimportant
• Avoided Crossings (nRCT) 
• Avoided crossings (RCT & RA)

Sullivan et al., Phys. Rev. Lett. 109, 223002 (2012)
in collaboration with Svetlana Kotochigova
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(no internal state cooling)
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•  Cryogenic gas  Noble gases possess 
  low polarizability (inefficient at cooling internal 
degrees of freedom) and too warm

Traditional sympathetic cooling  
•  Atomic ions  Long range collisions

(no internal state cooling)

Ultra-cold neutral atom sympathetic cooling
• Laser cooled atoms have high polarizability
- ¦αCa/αHe¦2  ≈ 104  much higher relaxation efficiency
- Simultaneous translation cooling

•Making ultracold molecular ions
cooling methods
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Ionization Potentials

• BaCl+ produced via laser ablation of BaCl2
• Simple electronic structure 
• Appears to have UV transitions (rather than VUV)
• Has rotational transitions in the  1-10 GHz

•Making ultracold molecular ions
Ingredients
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Ba+	  ions	  are	  used	  for	  
imaging	  and	  also	  cool	  
the	  BaCl+	  moVon

Ca	  MOT	  cools	  the	  
BaCl+	  rovibraVonal	  
state

•Making ultracold molecular ions
Experimental arrangement

Does	  it	  work?
TranslaVonally	  cold
Internal	  states?
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•Cold Molecular ions
1st step: Spectroscopy

31
S. J. Schowalter et al., Rev. Sci. Instrum., 83 043103 (2012)

Linear Ion Trap
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•Cold Molecular ions
1st step: Spectroscopy

31K. Chen et al., Phys. Rev. A, 83 030501(R) (2011).

Photodissociation 
Cross-section
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•Cold Molecular ions: Photodissociative 
thermometry
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•cold molecular ions
First attempts at sympathetic cooling

External state 
cooling --> Ba+ 
ions.

Internal state 
cooling --> Ca MOT

Po = 0.79
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•cold molecular ions

vibrational quenching rate is ~1/5 of the 
Langevin rate (classical upper limit).

Sympathetic cooling extremely efficient

Neutral atom -- Neutral molecule vibrational 
quenching rates are ≫106 times slower!
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Summary
•MOTION Trap

•Some surprising chemistry

•Making cold molecular ions

•Cold molecular ions
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