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We present a study on the dissociation of a weakly bound molecular ion in the presence of an external
time-dependent electric field based on a full quantum treatment of the dynamics. We focus on the dissociation
dynamics of a molecular ion in a Paul trap relevant for atom-ion hybrid traps. Our results show that a weakly
bound molecular ion survives in a Paul trap giving a theoretical ground to previous experimental findings [A.
Kriikow et al. Phys. Rev. Lett. 116, 193201 (2016) and A. Mohammadi et al., Phys. Rev. Research 3, 013196
(2021)]. In particular, we find that weakly bound molecular ions are more likely to survive in traps with a large
rf frequency. Similarly, we show that applying an electric field ramp is an efficient method to state-selectively
detect weakly bound molecular ions, analogous to the well-known selective field ionization technique applied in

Rydberg atoms.
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The advent of hybrid neutral-ion traps has boosted cold
chemistry research due to the possibility of bringing together
ions and atoms in a controlled manner [1-5]. Similarly, these
traps find applications in different research areas such as
the development of new and more efficient quantum infor-
mation protocols [6-13], the realization of quantum logic
spectroscopy schemes [14-22], and the study of impurity
physics [23-31], to cite a few. On the impurity physics front,
when a single charged impurity, A*, is brought in contact with
an ultracold atomic gas B, at sufficient densities, the ion un-
dergoes a three-body recombination reaction: At + B + B —
AB™ + B leading to the formation of weakly bound molecu-
lar ions [1,32,33]. In principle, these molecular ions would
be hard to observe since the oscillating electric field of a
Paul trap could tear them apart, or the presence of external
laser sources could photodissociate them [34]. However, these
weakly bound molecular ions are experimentally observed,
and with it, the validity and accuracy of the classical trajec-
tory method to calculate the three-body recombination rate is
corroborated [29,32,34]. After their formation, these molec-
ular ions relax very efficiently into deeper bound vibrational
states via collisions with ultracold atoms [35,36] opening up
photodissociation routes through the external laser sources
characteristic to atom-ion hybrid traps [34,37].

Similarly, it has been recently predicted that a single ion in
an ultracold molecular bath reacts and forms weakly bound
molecular ions [38], and the same seems to occur in the
case of a microwave ion clock when a single ion reacts with
background gases [39—41]. In the case of a single ion in a
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molecular bath the simulations indicate that molecular ions
survive despite the time-dependent electric field of the Paul
trap [38]. However, the complex reaction network of a single
ion in an atomic or molecular bath and the need of a quan-
tal treatment may raise legit questions about the net effect
of the time-varying electric fields on the molecular ions.
Indeed, there has been little theoretical effort towards under-
standing the dynamics of a weakly bound molecular ion in the
presence of an electric field, barring a static or effective model
approach [29].

In this Letter, we present a full quantum study of the
dynamics of a weakly bound molecular ion in the presence
of a time-dependent electric field as well as its dissociation.
In particular, we mimic the electric field that an ion feels in
a Paul trap characteristic of atom-ion hybrid traps, finding
that the survival of a molecular ion depends on its binding
energy and on the trap frequency. In addition, we consider a
Gaussian-type pulse to simulate an electric field ramp meant
to dissociate the molecular ion in a controllable manner. As
a result, we show that it is possible to probe the vibra-
tional states of a weakly bound molecular ion individually
via the electric field ramp method in a similar fashion to the
state selective field ionization method used to ionize Rydberg
atoms [42-45].

The dynamics of a molecular ion in an external electric
field can be described by the following Hamiltonian:

H = Hy + Hi(2), (1)

where Hj represents the unperturbed part of the rovibrational
Hamiltonian of the molecular ion. Therefore, Hy is diago-
nal in the basis of the vibrational v and rotational j states,
ie., Hylvjm) = E,jlvjm), where E,; = E, + B, j(j + 1), is
the vibrational energy of the vth vibrational state, B, is the
rotational constant of the assumed rigid rotor in the same
vibrational state, and m is the projection of the rotational
quantum number on the quantization axis. E, and B, are
calculated assuming a given atom-ion interaction. In Eq. (1)
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FIG. 1. Rovibrational energy spectrum of the '"*YH"Rb™ molecular ion as a function of the time-independent electric field strength F. The
dashed lines correspond to a few of the relevant rovibrational states labeled by the vibrational quantum number v and the rotational quantum
number j. Lines with the same colors represent rotational states of the same vibrational state: the green lines refer to the v = —4, the gray line
to the v = —5, whereas the black lines refer to deeply bound vibrational states of the molecular ion. The shaded region represents the onset of
dissociation. Please note that the states above E = 0 represent high level rotational states as a consequence of how the rovibrational energy is
obtained: E,,; = E, + B, j(j + 1). The left panel displays schematically the nature of the molecular ion at different electric field strengths; the
lower panel represents a weakly bound molecular ion, whereas the upper panel stands for a dissociated molecular ion.

the time-dependent part of the Hamiltonian is given by the
interaction between the dipole moment of the molecular ion d
and the time-dependent external electric field F (¢) as

Hi(t) = —d - F(1), )

where we assume d = gR, with g denoting the charge of the
ion and R representing the relative position vector between the
atoms within the diatomic molecular ion.

First, to illustrate the method, we calculate eigenvalues of
the Hamiltonian (1) for *YB’Rb* with m = 0, as a function
of the electric field strength, including 10 vibrational states
and 20 rotational states with j < 19 ensuring the convergence
of the results. It is worth noticing that the vibrational states are
labeled from the dissociation threshold in this work, i.e., v =
—1 is the vibrational state with the smallest binding energy,
and the larger the value of v, the larger the binding energy.

The atom-ion interaction is taken as —C4/R*[1 — %(%4)]
with C4 = 160 a.u. and R, = 10.142a¢ (ap = 0.529 177 x
107 m) is the equilibrium distance, corresponding to the
a*Tt electronic state of the system [46]. The vibrational
wave functions are obtained by numerically solving the time-
independent Schrodinger equation for the vibrational motion
using the Numerov method with an equispaced radial grid of
10° steps between 5.25a0 and 1725ay. 10° steps were used to
ensure a convergence of the vibrational energies within 0.1%.

In Fig. 1 we show the rovibrational energy spectrum of
the least bound states of the *YB’Rb* molecular ion as
a function of the electric field strength, where it is noticed
that the pathway towards dissociation (the red shaded region)
is somewhat complex and highly dependent on the initial
state. However, we find that j = O states lower their energy
as the electric field magnitude increases, whereas high j
states show the opposite behavior. Therefore, j = O states
will require a larger electric field to dissociate than states
with higher j values. In the same vein, focusing on the [v =
—1, j = 0) state, we observe that it interacts with many close

rovibrational states at electric fields <0.01 V/cm (the same
order of magnitude as the electric field that a molecular ion
feels in a Paul trap), whereas higher j states of the same
vibrational state show a more direct pathway into the disso-
ciation limit (the shaded red area). As a result, a static picture
in which the dipole-electric field coupling lowers the dissocia-
tion threshold, leading to the dissociation of the weakly bound
states, is an oversimplification of the real scenario.

To fully understand the dynamics of a weakly bound
molecular ion in a time-dependent field we solve the time-
dependent Schrodinger equation with the Hamiltonian (1) via
the ansatz

W) = com(®)lvjmyeFtm, 3)
vjm

yielding the following system of coupled first-order differen-
tial equations:

dcv’ i'm’ (t) i T .
—— =z vijjw J'm | Hin (0|0 jm) ey (1)
e~ (Evy—Eu)t/h (4)

where 7 is the reduced Planck constant.

The coupling between different rovibrational states is me-
diated by the dipole moment of the molecular ion and reads
as

(V' j'm' | Hie(t) |0 jm)
= —(V'|d|V)F ()8 (—1)"

x (2j+1)(2j’+1)(,{1 (1) _Jm)((]) (1) JO)

where

(v'ld|v) = 61/0 ¢y (R)R¢y (R)dR, (6)
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FIG. 2. Molecular ion energy of the (v = —1;j = 0) state of
7*YB'Rb* as a function of time for different electric field pulses.
Panel (a) is for a Gaussian pulse centered at 7y = % = 2;—4 with
7 =500 ns and Fy = 0.001 68 V/cm, whereas panel (b) refers to
rf-type electric field with s = 27w x 2 MHz, Fy. = 0.001 V/cm,
and F,. = 0.00156 V/cm. The color code refers to the probability
of populating rovibrational states with v < —1, i.e., the vibrational

quenching probability.

and (...) stands for the 3j symbol. Equation (5) includes,
apart from the expected rotational coupling via the 3 sym-
bols, the intravibrational coupling through the dipole moment
of the molecular ion.

The time evolution of the energy associated with the |[v =
—1, j = 0) state of "*YB’Rb™ for different time-dependent
electric fields is shown in Fig. 2. Panel (a) displays the result
for an electric field ramp to Fy in a time t, which is simulated
with a Gaussian pulse Fg(t) = Fyexp[—41n (2)(t — t9)*/7?]
centered at time fy, with electric field strength Fy and full
width half maximum t [47]. Whereas, panel (b) refers to an rf
field similar to the one a molecular ion feels in a Paul trap as
Fi(t) = Fyc + Fyc cos (wyt), where Fy. and F,. represent the
dc and ac electric field components of the trap, respectively,
and wr stands for the rf trap frequency. The energy presented
is the result of adding the time-dependent rotational energy
(Erot) = Zvj |cvj0(t)|szj(j + 1) (where only m = O states
are considered) to the initial energy of the molecular ion’s
state. Indeed, as soon as this magnitude surpasses zero, the
molecule dissociates. This criterion for dissociation can be
viewed as a classical one since it only considers the effect
of nearby vibrational states apart from the expected rotational
mixing due to the electric field—dipole interaction. However,
it does not include the coupling of the vibrational state of the
molecular ion to the continuum. Indeed, we have estimated
the contribution of continuum states to the dynamics of the
relevant states to be <10%. As a result, from Fig. 2 and as
expected, the time-dependent shape of the electric field plays a
major role in the dynamics of the system: for a Gaussian pulse,
the molecular ion dissociates at ¢t ~ 1, whereas for the rf field,
it takes a long time depending on the w,s. Another interesting
observation from Fig. 2 is to realize that a time-dependent
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FIG. 3. Dissociation field strength for different vibrational states
of "YB'Rb" and YWLi" assuming Gaussian pulse with 7 =
100 ns. The inset shows the electric field dissociation for v = —1
states as a function of the pulse duration t. The dashed lines corre-
spond to a fitting of the data as explained in the text, whereas the
vertical lines represent the rotational period of the involved vibra-
tional states accordingly with the color code employed in the main
figure.

electric field induces a quenching of the vibrational state of
the molecular ion. In particular, the vibrational quenching
probability is more pronounced in the case of an rf field than
in a Gaussian pulse, implying that the dissociation pathway
for a Gaussian pulse is more direct than in the case of an rf
field.

A detailed study on the dissociation dynamics of a molec-
ular ion due to a Gaussian pulse is shown in Fig. 3, where
the electric field strength for dissociating different vibrational
states with j = 0 is displayed. The calculations for '7*YWLi*
include five vibrational states and 20 rotational states with
Jj < 19 and the corresponding atom-ion interaction is charac-
terized by R,, = 7.59ay and C4 = 82.1 a.u., which correlates
with its >3 % electronic state [48]. We notice that the larger
the binding energy the larger the electric field strength needs
to be, as expected. The duration of the pulse, 7, affects the
dynamics of the ion on the electric field and the results are
shown in the inset of Fig. 3. For shorter pulses a smaller
peak intensity of the electric field is required for dissoci-
ation, whereas for a duration t 2 T, where T, = 7 /B_;
represents the rotational period (it is illustrated as the vertical
solid lines), the electric field strength for dissociation tends
to a constant value since the system crosses the threshold
of the adiabatic limit. Indeed, we notice that the electric
field strength for dissociation depends on the duration of
the pulse as F(t) = a + bt~ /4, and it is independent of the
molecular ion species in question. For the two systems un-
der consideration we find a = 0.009 £ 0.001 V/cm and b =
—0.04 £0.01 V/cm x ns'/# for the |[v = —1, j = 0) state
of "YB'Rb*, whereas a = 0.107 +0.007 V/cm and b =
—0.26 +0.03 V/cm x ns'/* for the |v = —1, j = 0) state of
TYHLIT.
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FIG. 4. Phase diagram for the dissociation of a weakly bound molecular ion. The phase diagram presents the region of the parameter space
for which a given ac electric field F,. dissociates the molecular ion for a given w, assuming a fixed dc field value of 0.001 V/cm. Panel
(a) refers to the [v = —1, j = 0) state for "*YB'Rb™. Panel (b) is for the |[v = —2, j = 0) state of **Ba’Rb™, whereas panel (c) is for the
v = —1, j = 0) state of "*YWLi*. In panel (d) a different phase diagram is presented for the |[v = —1, j = 0) state of "*YW¥Li*, in which
the ac electric field values capable to dissociate the molecular ion are shown as a function of the ac electric field for ws = 27 x 2 MHz.

The effects of an rf-type electric field over a weakly bound
molecular ion are summarized in Fig. 4, where in panels
(a)—(c), the maximum amplitude of the applied ac electric field
is plotted versus the rf frequency of the trap for a given value
of the dc electric field. As a result, we can present a “phase
space” for the dissociation of a weakly bound molecular ion
in a Paul trap. The phase space shows two regions, one in
which, for a given rf frequency, the molecular ion survives
in a Paul trap and a second one where the molecular ion
dissociates as it is schematically presented in the figure. The
borderline between those regions depends profoundly on the
trap frequency, the mass of the molecular ion, and its binding
energy. For instance, in panels (a) and (b) the phase space for
dissociation of '"*YB'Rb* and '¥B4’Rb™, respectively, are
shown. And despite the fact that their vibrational energies are
very similar—353.6 and 81.5 uK [49], respectively, the phase
space looks very different. However, it is worth emphasizing
that including continuum states on the dynamics will give rise
to a steeper behavior of the borderline for f frequencies larger
than 27 x 10 MHz.

The dc electric field plays an essential role in determining
the borderline between the two phases. In particular, we find
that for larger dc electric fields, a smaller ac field amplitude
must dissociate a molecular ion at a given frequency, as shown
in panel (d) of Fig. 4, where for a fixed trap frequency it
is shown the ac electric field for dissociation as a function
of the dc electric field. The typical electric field strengths
for dissociation range between 0.001 and 0.1 V/cm for rf
frequencies between 500 kHz and 30 MHz. Nevertheless, we
identify a general trend: for more significant trap frequen-
cies, a larger ac field is necessary to dissociate the molecule.
Therefore, weakly bound molecular ions are more likely to
survive in high-frequency traps, independently of the mass of
the constituent atoms.

The magnitude of the ac electric field that a molecu-
lar ion feels in a Paul trap depends on the position of the
ion from the center of the trap, which in a cold environ-
ment depends mainly on the kinetic energy released after
its formation via three-body recombination [1,32,33,50] or

ion-molecule collisions [33,35,38]. Indeed, the binding en-
ergy of the molecular ion is of the same order of magnitude
as the collision energy [32] and in some traps, near the
center of the trap, Fy. ~ 0.01 V/cm. Therefore, 7*YBLi*
after its formation via the reaction Yb* 4+ Li, — YbLi* +
Li, survives in a Paul trap. On the contrary, "*YB'Rb"
dissociates under similar circumstances unless a large trap
frequency is used. The same applies to the case of **Ba’Rb ™.
Finally, it is worth emphasizing that the rotational state plays
a relevant role in the dissociation dynamics. In particular,
rotationally excited molecular ions dissociate in the presence
of smaller electric field amplitudes than in the case of j =0
molecular ions.

In summary, we have shown that the shape of the time-
dependent electric field has a drastic effect on the dissociation
dynamics of a weakly bound molecular ion. As a result, after
defining the phase space for molecular ion dissociation, we
find that a weakly bound molecular ion is hardly dissociated
in an rf trap unless minimal rf frequencies are employed,
and that the required electric field depends drastically on the
binding energy of the molecular ion. These results confirm
previous experimental observations and reinforce theoreti-
cal predictions by including the Paul trap on the system’s
dynamics. Last but not the least, we have shown that an
electric field ramp is an effective method to state-selectively
detect molecular ions, which may have a potential impact on
detecting molecular ion products of relevant cold chemical
reactions such as three-body recombination and ion-molecule
collisions. Finally, we would like to point out another possible
mechanism for molecular ion dissociation: photodissociation.
In this case, the rf trap frequency is in resonance to a con-
tinuum state, which could be studied by adapting available
formalisms in the literature for Feshbach molecule association
and photoionization [51-53], an idea that is currently being
investigated.
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