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Improving efficiency of sympathetic cooling in atom-ion and atom-atom confined collisions
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We propose a way for sympathetic cooling of ions in an electromagnetic Paul trap: it implies the use for this
purpose of cold buffer atoms in the region of atom-ion confinement-induced resonance (CIR). The problem is
that the unavoidable micromotion of the ion and the long-range nature of its interaction with the environment
of colder atoms in a hybrid atomic-ion trap prevent its sympathetic cooling. We show that the destructive effect
of ion micromotion on its sympathetic cooling can, however, be suppressed in the vicinity of the atom-ion CIR.
Here, the resonant blocking of the complete approach of an atom with an ion during a collision also blocks
the enhancement of its micromotion. We investigate the effect of sympathetic cooling around CIRs in atom-ion
and atom-atom confined collisions within the quasiclassical-quantum approach using the Li-Yb™ and Li-Yb
confined systems as an example. In this approach, the Schrodinger equation for a cold light atom is integrated
simultaneously with the classical Hamilton equations for a hotter heavy ion or atom during collision. We have
found the region near the atom-ion CIR where the sympathetic cooling of the ion by cold atoms is possible in a
hybrid atom-ion trap. We also show that it is possible to improve the efficiency of sympathetic cooling in atomic

traps by using atomic CIRs.
DOI: 10.1103/PhysRevA.103.053109

I. INTRODUCTION

In the last decade there has been great interest in ul-
tracold hybrid atom-ion systems, which is caused by new
opportunities that arise here for control and simulation of var-
ious quantum processes and phenomena: formation of novel
molecular states [1,2], simulation of electron-phonon cou-
pling in solid state physics [3], Feshbach resonances [4,5],
quantum information processing [6,7], etc. [8]. However, a
realization of the hot proposals with cold atoms and ions [8]
is impeded by the unremovable ion micromotion caused by
the time-dependent radio frequency (rf) fields of the Paul traps
used for confining ions in the hybrid atom-ion systems [8—12].
Particularly, it is known that the micromotion of the ion and
the long-range nature of its interaction with the environment
of colder atoms in a hybrid atomic-ion trap prevent the de-
sired effect of sympathetic cooling of ions [8,12]. Despite
the successes achieved in sympathetic cooling of ions in hy-
brid atomic-ion systems in the millikelvin range and above
[8,13—17], as well as the proposed promising schemes for
cooling to lower energies [7,11,12,18-20], the problem of
sympathetic cooling to lower energies in these systems is still
pending.

In this paper, we propose a way for sympathetic cooling of
ions in an electromagnetic Paul trap, to apply for this purpose
buffer cold atoms in the region of the atom-ion confinement-
induced resonance (CIR). We show that the negative effect of
micromotion on sympathetic ion cooling can be suppressed
in the vicinity of the atom-ion CIR. Atom-ion CIRs were
predicted in [21] and the influence of ion micromotion on the
CIR position in Li-Yb' was investigated in the subsequent

“melezhik @theor.jinr.ru

2469-9926/2021/103(5)/053109(13)

053109-1

paper [22]. It was shown that the CIR occurs when the ratio
of the transverse width of the atomic trap a; and the s-wave
atom-ion scattering length in free space a, coincides with the
value a, /a; = 1.46. Earlier, this condition was predicted [23]
and subsequently confirmed in experiment [24] for atomic Cs
waveguidelike traps. To describe the dynamics of a quantum
particle near CIR, the one-dimensional (1D) Fermi pseudopo-
tential with an effective coupling constant gip(a, /a;) pro-
posed in [23] is successfully used. Atomic CIRs [23,25-31]
aroused great interest and stimulated research in this di-
rection due to the possibility of using such resonances to
tune effective interatomic interactions in a wide range—from
superstrong attraction g;p — —oo to superstrong repulsion
gip — +oo [24,32-37]. It is also known that at the point
ay/a; =1.46 of CIR the divergence of coupling constant
gip(ay /ay) (and the total reflection) leads to “fermionization”
of the relative wave function of the colliding pair whose
square modulus behaves the same as for two noninteracting
identical fermions [38]. This can lead to some compensation
of the long-range character of the atom-ion interaction and,
as a consequence, to suppression of the micromotion-induced
heating during collisions confined by the atom-ion trap. Here,
we investigate how the “fermionization” can “truncate” the
effective atom-ion interaction and the possibility of using this
effect for improving the sympathetic cooling of the ions by
buffer cold atoms in hybrid atom-ion traps. We investigate the
effect of sympathetic cooling around CIRs in atom-ion con-
fined collisions within the quasiclassical-quantum approach
[22,39-42] using the SLi-!'7"'Yb* pair in the hybrid atom-
ion trap as an example, which is currently under intense
experimental investigations [18,43,44]. It is assumed that this
specific atom-ion pair is most prospective for sympathetic
cooling and reaching the s-wave regime of ions in Paul
traps [12,18]. The following problem is considered: a hot ion
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FIG. 1. Schematic representation of the atom-ion system con-
fined in a hybrid trap. Here, the ion is situated in the cloud of cold
atoms confined by an optical atomic trap inside the electromagnetic
Paul trap. The time-dependent rf field confines the ion transversally,
whereas longitudinally a static confinement is formed by the dc field.
The dimensions of the confinement region of the ion are determined
by the frequencies of the Paul trap w; and €2,;. The atomic waveguide
along the longitudinal axis, z, of the linear Paul trap confines the
atoms in the transverse x,y directions. The width of the atomic
trap a, = /h/(m,w,) is determined by the frequency w; of the
harmonic approximation for the trap shape. Inside the hybrid trap
occur paired atom-ion collisions.

confined in a time-dependent rf Paul trap with linear geom-
etry collides with the cold atom constrained to move into
a quasi-one-dimensional waveguide within the ion trap (see
Fig. 1). In our approach [22,45], the Schrédinger equation for
a cold light atom is integrated simultaneously with the classi-
cal Hamilton equations for hotter heavy ion during collision.
We have found the regions near the atom-ion CIR where the
sympathetic cooling of the ion by cold atoms is possible in a
hybrid atom-ion trap. The possibility of sympathetic cooling
of a heavy hot atom by light cold atoms near atomic CIR is
also investigated for the case of a Li-Yb mixture confined by
an atomic trap. We show that it is possible to improve the
efficiency of sympathetic cooling in atomic traps by using
atomic CIRs.

In the next section, our theoretical approach and the prin-
cipal elements of the computational scheme are described. In
Sec. III, the results and discussions are presented. The con-
cluding remarks are given in the last section. Some technical
details of the computations are discussed in the Appendix.

II. PROBLEM FORMULATION
AND COMPUTATIONAL SCHEME

A schematic view of the system under investigation is
given in Fig. 1. A Li atom of cold atomic cloud confined in
the transverse direction by a harmonic potential of an optical
trap

mgw |
2

collides with the Yb™ ion in the potential created by the linear
rf Paul trap [18,43,44,46]
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The interaction potentials (1), (2) of an atom and an ion
with a hybrid trap depend on the transverse frequency of the
atomic trap w,, which determines its transverse size a; =
Jh/(muw) ), and the frequencies of the Paul trap w;, Q.
Here, w; = Qt+/a/2 is the so-called secular frequency [46],
and g and a are dimensionless geometric parameters (i.e., a =
0.002 « q2 = (0.08% < 1), which in our calculations were
chosen according to the installation parameters [18,43,44].
The last term in the potential (2), which depends on the
frequency €2, causes rf oscillations of the ion, i.e., sets its
micromotion. The vectors r, and r; set the coordinates of
the atom and the ion, and m, and m; are the masses of the
atom and the ion, respectively. We assume that the axis of
the waveguide in which the colliding atom is traveling, is
precisely the z axis of the Paul trap (see Fig. 1). The origin
is at the center of the Paul trap.

In our work [22], the quantum-quasiclassical approach
[39-42] was extended and adapted for quantitative description
of pair collisions of light slow Li atoms with heavy Yb™ ions
in the confined geometry of the hybrid atom-ion trap defined
by potentials (1), (2). In this approach, the problem is reduced
to the simultaneous integration of a system of coupled quan-
tum and classical equations: the time-dependent Schrédinger
equation, which describes the collisional dynamics of an atom
confined in an optical trap (1) with an ion, and the classical
Hamilton equations, describing the vibrations of an ion in
a Paul trap (2) and its perturbation during collision with an
atom.

The time-dependent Schrédinger equation for the wave
function of the atom v (r,, t) is written in the form

2

ih i Y (re, 1) !
mn_— a = -
ot 2m,

Ay +V(ry)

+ Vai(lra —l‘i(f)l)}w(l‘a,l), 3)

where the potential V,; defines the atom-ion interaction. The
classical Hamiltonian describing an ion in a Paul trap is given
by

P

H,-trap(pi, r;,t) = +U(r;, t), @)
2m

1

where p;(f) is the ion momentum. When the atom is con-
fined in the optical waveguide within the Paul trap, the ion
experiences its presence via the atom-ion interaction V,;(|r, —
r;(t)|) during the collision. Therefore, the full classical ion
Hamiltonian is given by

Hi(pi, ri, t31,) = H™ (p;, 11, 1) + (Vaui(Irg — 1:(0D)),  (5)
where

(Vai(lra —ri(1)D) = (¥ (ra, DIVai(Ira — ri@)DIY (xa, 1))

is the quantum-mechanical average of the atom-ion inter-
action over the atomic density instantaneous distribution
[ (r,, t)|>. Thus, the ion Hamiltonian (5) defined in such a
way has a parametric dependence on the atom position r,(?).
It leads at the moment of the atom-ion collision to the strong
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nonseparability of the Hamilton equations

d 0

P = _8_I_iHi(pi, i, 1;r,),

il‘i = iHi(Pi, ri,1;r,) (6)
dt 8[),

describing the ion dynamics and its strong coupling with the
time-dependent Schrédinger equation (3). As a consequence,
it requires sufficient stability of the computational scheme
(see Appendix).

The set of classical equations (6) for the ion variables r; to-
gether with the Schrodinger equation (3) for the atomic wave
function v (r,, t) form a complete set of dynamical equations
for describing the atom-ion collision dynamics in a hybrid
confining trap [22]. In the present study we consider collisions
of a light atom with a much heavier ion in the range of very
low atomic colliding energies E o (ultracold atoms), where
the relation p, = /2myE.n <K p; for their momentums is
satisfied. In addition, we require that E; = pl2 /2m;) > ho,,
which further justifies the application of the classical descrip-
tion for the ion.

At the instant of collision (r = |r, — r;(¢#)| — 0), the equa-
tions of the system (3), (6) are strongly coupled by the
potential of the atomic-ion interaction, which in our scheme
is chosen in the regularized form [22,47]

(rP—=c*) G
(r2 4 ) (r2 + b’

and decay into independent equations for an atom and an ion
in the asymptotic region before and after the collision, where
r — oo and V,; interaction disappears: V,;(r)— — C4/r*—0.
The dispersion coefficient Cy is a known parameter for the
Li-Yb*' pair, and by varying the free parameters b and c¢
we change the intensity of the atomic-ion interaction, i.e.,
define the s-wave atomic-ion scattering length in free space
ag, which can be experimentally tuned. Thus, for tuning the
interatomic interactions (the scattering length a,) in atomic
traps the magnetic Feshbach resonances are successfully used
[24,37,48]. The prospects for their use in hybrid atomic-ion
systems are also discussed [5,18].

To integrate simultaneously equations (3) and (6), we need
proper initial conditions with physical significance. At the
beginning of the collisional process, the atom and the ion
are assumed to be far away from each other so that they do
not interact (V,; = 0). In particular, the atom is initially in the
ground state of the atomic trap with the longitudinal colliding
energy, that is, E.o < 2hw, ,

Vai(r) =

(7

U (tart = 0) = Noo(p)e L7 22 gika(g)

whereas the ion performs fast (with respect to atom motion)
oscillations in the Paul trap with mean transversal (E|) =
(Eix) + (E;y) and longitudinal (E;) = (E;;) energies, which
can be fixed by the proper choice of the ion initial conditions

ri(rt = 0) =rp,

pixt =0) = 2mEY,

0
piy(t =0) = /2mE.,
it = 0) =/ 2mE). 9)

In Eq. (8) ¢(p,) is the wave function of the ground state
of a two-dimensional harmonic oscillator approximating an
atomic trap potential and N is the normalization coefficient.
The parameter a, specifies the width of the initial wave packet
of the atom (8) in the longitudinal direction, which must be
wide enough for the wave packet to be sufficiently monochro-
matic and its spreading in time could be neglected [22]. The
initial position of the wave packet (8) is set by the value of zg
so that at the initial moment # = O the atomic-ion interaction
V,i can be neglected.

The initial conditions (8) and (9) set the initial state of a
noninteracting atom-ion system: an ion performing a finite
motion in a Paul trap with given mean energies (E) and (E, )
and a slow atom in the ground state ¢o(p0,), which moves in
the longitudinal direction of the optical trap with a velocity
v, = hk/m, = /2E.n/m,. Since the atom approaches the re-
gion of interaction with the ion very slowly (Eqon/f < w1 K
w;, ), the initial position of the ion does not influence the
scattering process itself, which depends only on (E,) and
(Ey)-

As a result of the integration of the system of equations
(3), (6), the wave packet ¥ (r,,t) is calculated. Asymptoti-
cally it has the following behavior at t — 4-00:

Ve, 1) —> (L+ fONGo(pa)X (@0 = 20)e” 5 (10)

where f*(a,/ay) is the forward scattering amplitude de-
scribing the atom-ion collision confined by the hybrid trap.
The longitudinal part y(z, — zo) of the atomic wave packet
describes the atom motion in z direction, namely, the spread-
ing of the initial Gaussian wave packet exp[—%] (8).
Because the choice of the longitudinal width a. of the ini-
tial wave packet is rather large, we achieve its sufficient
monochromaticity along the z direction k > k. This provides
insignificant deformation of the envelope x(z, — zo) in (10)
with respect to its initial form in (8), which permits one to

calculate with enough accuracy the scattering amplitude [22]

WO O), — 1+ ). (1)

Here, the wave packet (V% (¢) is calculated by independent
integration of the Schrodinger equation (3) with the same
initial conditions (8) and V,; = 0 [22], which has during the
special choice of a, mentioned above the following asymp-
totic behavior:

v O (r,, t > +00) = Noo(pa)x (za — 20)e™.  (12)

The scattering amplitude determines the quasi-1D atomic-
ion coupling constant by [23,25]
Ik Relf* (k)]
= lim —_—
k=0 m, Im[f+ (k)]

gD (13)

The constant g;p is the most relevant parameter for analyz-
ing confined scattering close to a CIR, where g;p — 00
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FIG. 2. The calculated atom scattering amplitude f*(z), transmission coefficient T'(¢), coupling constant g;p(¢), and the ion deviation
from the center of the trap r;(¢) for the ion being initially at rest (i.e., with zero energy before the collision with the atom) for four different
values of the ratio a, /a,. This parameter fixes the coupling constant g;p (13) for four different cases: resonant atom-ion repulsion near the
atom-ion CIR (left panel: a, /a, = 1.56 at b* = 0.179R*?, ¢> = 0.1R*? in Eq. (7)), strong atom-ion repulsion (center panel: a, /a, = 2.64 at
b* = ¢® = 0.1R*?), very weak atom-ion attraction (right panel: a, /a, = —260 at b* = 0.01R*?, ¢* = 0.06R*?), and strong attraction (inset in
bottom right plot: a, /a, = 1.45 and g;p = —68 at b> = 0.189R*?, ¢* = 0.1%%).

[23,25,27,29] and the transmission

T(ai/as) = |1 + f*(ai /a))I> — 0. (14)

The trajectory of the ion r;(¢), its momentum p;(¢), and
kinetic energy E;(t) = p? (t)/(2m;) are also calculated, which
enter stable trajectories after colliding with an atom in the
asymptotic region, if the ion does not leave the Paul trap after
the collision.

III. RESULTS and DISCUSSION
A. Stability of ion motion near CIR in hybrid trap

To test the assumption about the possibility of suppressing
micromotion-induced heating of an ion near the “fermioniza-
tion” point a, /a, = 1.46 [37,38], we first have considered the
collision of a cold ®Li atom with an '7'Yb* ion at rest in the

center of the hybrid trap (see Fig. 1), i.e., with rjp = Ei(o) =0
in the initial conditions for ion (9), for different parameters of
the effective atomic-ion interaction by varying the ratio a, /a;.
The ratio a /a; was varied at a fixed width of atomic trap
a, = /h/(m,w, )by changing the value of the atom-ion scat-
tering length a,. This was achieved by varying the parameters
b and ¢ in the atom-ion interaction potential (7) at the interval
0.01R*> < b* < 0.3R*? and ¢* ~ 0.1R*2. Hereafter, we use
the units of the problem: R* = /2uCy/h, E* = I* /(2uR*?),
P = J2uE*, w* =E*/h, and t;, =27 /w,, where u is
atom-ion reduced mass. The calculations were performed for
the atom initially in the ground state with transversal E; =
hw; = 0.02E* and longitudinal colliding energy E.on/kp =
0.004E* /kg = 11 nK for w; = 0.020" = 27w x7.1 kHz. The
Paul trap frequencies were chosen as 2y = 27 x2 MHz and
w; = 2w x63 kHz [18,43,44].
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In Fig. 2 the result of calculations of the scatter-
ing amplitude f*(a,/as t) (11), the transmission coef-
ficient T'(ay/ag t) (14), the effective coupling constant
giplay /ag, t) (13), and the deviation of the Yb™ ion from the
center of the Paul trap

() = 0 + 320 + 20) (15)

are presented as a function of time for four different values
a, /as.

One can see that after the collision which occurs at the time
interval 1, <t < 4¢, all the calculated scattering parameters
and the value r;(¢) reach stable regime at the times ¢t ~ 67, in-
dependently of the intensity of the atomic-ion interaction. The
left graphs show the results of calculations at a, /a; = 1.56
near the CIR, where the coupling constant diverges (g;p =~
+65) and total reflection is observed (7" — 0). We also see a
very weak perturbation of the ion trajectory r;(¢) as a result
of the collision and the absence of ion heating induced by
micromotion. The reason for this is the “fermionization” of
the relative atom-ion motion at the CIR point [37,38]: the
atom-ion wave function is rearranged in such a way that its
modulus squared at small atom-ion distances repeats the mod-
ulus squared of the wave function of a pair of noninteracting
fermions, i.e., the atom and the ion cannot fully approach
each other, what leads to 7(t — co) — 0. This partially
compensates the long-range character of the atom-ion interac-
tion V,;(|r, — r;(¢)|) and, as a consequence, prevents the ion
micromotion-induced heating during collision. Actually, here
the deviation of the Yb™ ion from the center of the Paul trap
after the collision does not exceed the value ~3x 107 R*.

The picture changes dramatically when we move from the
resonance region around the CIR (region of “fermionization”).
It is illustrated by the central and right graphs in Fig. 2.
The central graphs illustrate the atom-ion collision with the
repulsive atom-ion interaction V,; giving the ratio a, /a; =
2.64 and the coupling constant g;p = 1.82. We observe that
outside of “fermionization” the atom-ion interaction permits
a closer approach between the atom and ion during colli-
sion (T (t — 00) ~ 0.1) and significant micromotion-induced
heating of the ion: the amplitude of deviation of the ion from
the center of the Paul trap increases by two orders of mag-
nitude in comparison with the case of CIR, up to the value
~2x1073R*. The right graphs illustrate the case of weak
attraction between the atom and the ion a, /a; = —260 giving
negative coupling constant g;p = —1.54. Here, we also ob-
serve a considerable deviation of the ion from the center of the
Paul trap after the collision, where r;(t — 00) approaches the
values ~2x107*R*. This significant perturbation of the ion
at close to zero atomic-ion scattering length a, — —O0 (right
panel of Fig. 2) can be explained in the following way. The
small value of the effective atom-ion attraction a;, — —O0 is
partially compensated by its long-range nature V,;(| r; — r, |)
— —C4/|r; —r,|*, which leads to significant perturbation
gip = —1.54 of the ion at the moment of collision and to its
noticeable heating as a result of the collision (see the time dy-
namics of the quantity 7;(¢)). The displacement of the ion upon
collision remains significant in the region of a, /a; < 1.46
of negative coupling constants (g;p < 0) due to the attractive
nature of the atomic-ion interaction. This is illustrated by the

hwy + Ep |

hwi + Ep |-(0,I)
3hw, + E;

hw, + E;

0 CIR al/a,

FIG. 3. Schematic representation of the spectrum of the atom-ion
system confined in a hybrid atom-ion trap as a function of the ratio
a, /a,. The pair (n, I) indicates the atom quantum number n and the
set of ion quantum numbers /. The point of the cross of the energy
curve of the first excited state with respect to the atomic motion (2, /)
with the threshold of the entrance channel of the system (0, /) defines
the position of the CIR on the a, /a; axis.

inset in the bottom right graph, where the coupling constant
reaches the value g;p = —68 when approaching the CIR from
the left (a,/a; = 1.45) and the resonant repulsion already
contributes, but the ion displacement is still considerable,
~4x107*R*.

We have to note the visible oscillations in the coupling
constant gip(¢) and in the ion deviation from the center of the
Paul trap r;(t) at a, /a;, = 1.56 (i.e., near CIR). It is notewor-
thy that their time period ~0.5¢; = 0.5(27 /w, ) corresponds
to the frequency 2w, of the virtual transitions between the
input channel (n = 0, 1) to the closed first excited channel
(n=2,1), given by the transverse oscillations of the atom
in the optical trap (see Fig. 3). This is consistent with
the physical interpretation of the CIR as a Feshbach-like
resonance in the first closed transverse channel [25]. Here, n
and / define the quantum numbers of the atom in the atomic
trap and the set of ion quantum numbers in the Paul trap
correspondingly. When displaced from the resonance region
(see the center and right panels in Fig. 2), these oscillations
of gip(t) and r;(¢) disappear, since the resonance conditions
between the transverse quantum states of the atom are violated
(see Fig. 3). In this case, the higher-frequency oscillations of
the values gip(¢) and r;(¢) visible in the nonresonant cases
are determined by the frequencies w; and Q¢ of the Paul ion
trap, which are much higher than the frequency of the atomic
trap w .

The performed analysis demonstrates the suppression of
micromotion-induced heating of an ion in a collision with a
slow atom in the CIR region a, /a; >~ 1.5 due to the effect
of “fermionization” of their relative dynamics. In the next
section, we explore the possibility of using this effect to en-
hance sympathetic cooling of ions by cold atoms in a hybrid
atom-ion trap.

B. Improving efficiency of sympathetic cooling
in atom-ion confined collisions near CIR

To analyze the possibility of improving sympathetic cool-
ing of ions in hybrid atomic-ion traps (see Fig. 1) with cold
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atoms, we have calculated the mean kinetic energy of the
7'Yb* ion after collision with a cold ®Li atom in such a trap:

(out)\ __ 1 fmax .
(E™) P—— /, ] E;(t)dt, (16)
depending on the parameter a, /a, near CIR and outside the
resonant area. In the above formula, the ion energy E;(¢) =
piz(t) /(2m;) was calculated by integrating a coupled system
of equations (3), (6). The limit of integration of the system of
equations f,x was chosen from the condition of the calculated
parameters reaching stable values after the collision (see the
previous section), in the region ¢ 2 6¢,. The lower limit #,,
of integration in formula (16) was chosen in a similar way. In
the calculation the values t,,; = 9¢, and f,,x = 10¢, for these
parameters were used.

The initial conditions for a cold atom were chosen similarly
to the previous section. The initial mean ion energy

. 1 tin
EM™) = — / E;(t)dt = 0.133E* (17)
in JO

was chosen, significantly exceeding the longitudinal E., =
0.004E* as well as the transverse E| = iw; = 0.02E* en-
ergy of the atom. The upper limit at calculating the initial
mean ion energy #, < ¢, was chosen from the region before
the collision, where an atom and an ion were not interacting,
V.i(l vy —ri(t;y) |) = 0. Here we have considered two fun-
damentally different cases which, however, correspond to the
same mean initial energy of the ion (Ei(i")).

The first case: in the initial state, the ion has only one
transverse momentum component:

ri(t =0)=0,
pix(t = 0) = /2mEY,
iyt =0)=0,

pi(t =0) = /2mEY, (18)

which leads to a “head-on collision” of an ion oscillating in
one xz plane with an incident atom moving along the z axis. In
our calculations EZSCO) = Ei(zo) were chosen equal to 0.0625E*,

which gives the initial mean energy (E'")=0.133E*>>E, +
E.on = 0.024E™.

The second case: not a head-on collision with the same
mean initial ion energy, which was simulated by the following
initial conditions for the ion:

xi(t =0) = X,
yit =0) = yi,
zi(t = 0) = zp,
pit =0)=0, (19)

specifying its initial position as x;y = zjp = 0.3R*, yjp =
0.6R*. In this case the initial condition generates three-
dimensional (3D) motion of the ion in the Paul trap before
the collision.

The results of calculations of the final mean ion energy
(Ei((’“t)) (16) after the collision with the cold atom for these
two cases are given in Fig. 4 as a function of the ratio a, /a;.

ala,
1.0 1.5 2.0 2.5
0.7 . .

<Ei“"’>

(out)
<E™(el)>

100 T T

50 - E

0 O

d.5(a,/a)) (units of 2E'R’)
o
iS =

__ 4x10?

(a/a,

mol

O 2x102

1.0 1.5 2.0 25

FIG. 4. The calculated mean ion energy (E/™") after atom-ion
collision, effective coupling constant g;p, transmission coefficient 7',
and the molecule formation probability Py, as a function of the ratio
a, /a,. The black circles connected by the solid black lines indicate
the results of calculations performed for the “head-on collisions”
with the initial conditions for the ion (18). The open circles are
connected by the solid red lines related to “not head-on collisions”
obtained with the initial conditions for the ion (19).
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In this figure the calculated coupling constant g;p (13), the
transmission coefficient T (14), and the molecule formation
probability Py, (defined below by Eq. (21)) corresponding to
the same values a, /a, are also presented. One can see that
the calculated curves (Ei((’“t)(a 1/ay)) presented in Fig. 4(a)
have the region of minimal values around the point of the
CIR where a, /a; = 1.46, gip — £oo (Fig. 4(b)), and the
transmission 7 — 0 (Fig. 4(c)) in agreement with the result
of the previous section obtained for the case when the ion was
initially at rest in the center of the Paul trap. In Fig. 4(a),
the initial mean energy of the ion (E™) together with the
value for the final ion energy (E™*"(el)) = (E™) — AE;(el),
calculated according to the classical formula

dm,m;

AE,((?I) = m

((E™) = Een —E1)  (20)
and valid for the central elastic collision of two classical
particles, are also presented. The performed investigation
demonstrates the existence of a rather broad region 1.3 <
a, /as < 1.7 where the ion lost energy during not a head-on
collision with the atom approaches the value following from
the classical consideration (20). This region, however, narrows
significantly in the case of head-on collision.

With the growth of the ratio a, /a; we get into the area
of the resonance heating of an ion in a collision with a
cold atom (see Fig. 4). The calculated curves of g|p(a, /ay),
T (a, /ag), and Py (ay /a,) presented in the graphs Figs. 4(b)—
4(d) allow us to interpret this effect. In Fig. 4(b) we see a
series of very narrow resonances in the coupling constant
gip, where the edge left of them is the classical broad CIR
due to the virtual transition (n = 0,1) — (n = 2, I) from the
atomic ground transverse (n = 0) to the closed transverse first
excited state (n = 2) without change of the ion state (/) in
the Paul trap (see Fig. 3). However, it is known [49-51]
that in the case of confined collision of distinguishable par-
ticles the CIR is splitting due to the coupling upon collision
of the relative and center-of-mass motions, which leads to
the transitions (0,7) — (0,1’), (0,1”)... when approaching
the resonant conditions with excitation of the center-of mass
motion of the forming molecular ion and ion excitation. An
indication of such transitions can be a resonant increase in
the rate of formation of molecular ions with the transfer of
the released energy to the excitation of the center-of-mass of
the molecular ion [50,51]. To evaluate this effect, we have
calculated the probability of the molecular ion formation by
the formula

R
Pmol =/ |'(ﬂ(l'a,l‘ - OO)|2dl'a, (21)
0

which represents the probability for the atom to stick to the ion
near the center of the Paul trap in the region r, < R* after colli-
sion, i.e., the probability of the formation of the molecular ion
LiYb™. The calculated curve Pyoi(ay/as) given in Fig. 4(d)
repeats the resonance behavior of the curves gip(a, /a,) and
T (ay /ay) with the growth of the ratio a, /a; right of the CIR
position. We suppose that it is clear confirmation of the reso-
nant mechanism of the molecular formation with transferring
the energy release to the molecular center-of-mass excitation
[50,51] and ion heating developed in this region in Fig. 4(a).

Figure 5 illustrates the time dynamics of an ion under
sympathetic cooling and heating. It is shown that the ion
performing 3D oscillations in the Paul trap before the collision
at a; /a; = 1.697 noticeably decreases its mean energy as a
result of the collision with a cold atom slightly to the right
of the CIR (bottom left graph in Fig. 5). As we can see from
the left column of the graphs, this occurs due to a decrease in
its amplitude of oscillations in the transverse directions after
the collision. The amplitude of oscillations in the longitudinal
direction remains almost unchanged on average. There is also
a decrease in the mean energy of the ion, oscillating in the
plane before the collision, after collision with a cold atom at
a; = 1.576 slightly to the right of CIR (see central column
of the graphs in Fig. 5). In this case, its oscillations remain
two-dimensional, the orientation of the plane of oscillations
does not change, and the energy decreases due to a decrease
in the amplitude of longitudinal vibrations. The graphs from
the right column in Fig. 5 demonstrate the heating of an ion
upon collision with a cold atom at a, /a;, = 1.796 outside the
CIR region. As a result of the collision, the 2D oscillations of
the ion before the collision become 3D after the collision.

Thus, the performed analysis demonstrates that one can
control the sympathetic cooling of ions in a hybrid atom-ion
trap by tuning the ratio a, /a, to the resonant region around
the CIR, where cooling can reach the most optimal conditions.
In the cases considered, the maximum loss of energy by an
ion reaches the energy (El.("”‘) (el)) (20) corresponding to the
loss of energy by a heavy ball with a mass of "'Yb" in its
elastic head-on collision with a light slow ball with a mass
of SLi. The stability of the sympathetic cooling mechanism
in the CIR region was tested by varying the initial atomic
energy £, + E.on = (0.02 + 0.004)E* /kg = 66 nK within a
few tens of percent. Confirmed in this study, the possibility of
cooling the ion to the value (E i(om) (el)) determined by formula
(20) allows us to conclude that the mechanism of sympathetic
cooling is more favorable for slowly moving atoms.

C. Sympathetic cooling in atom-ion confined collisions
in secular approximation

Here, we investigate the effect of a CIR on the efficiency
of sympathetic cooling in a hybrid atomic-ion trap in the
framework of the time-independent secular approximation
[22,46] with constant frequencies for the ion-trap interaction
(2). Since the secular approximation for the potential of in-
teraction of an ion with a trap does not contain the rf part
and, therefore, does not cause micromotion of an ion, the
calculation within its framework allows one to estimate the
effect of micromotion-induced heating at the collision with a
cold atom by comparing with the result of the previous section
including the micromotion. The secular equation for the ion
trap (2) gives the following expression [22]:

Usee (1)) = %[a)fy (2 +2) + 022] (22)
with the frequencies w,=2nx45 kHz and o, =
27 x 150 kHz [22]. Replacing the time-dependent potential
of the interaction of an ion with a Paul trap (2) into the
Hamilton equations (6) by its secular approximation (22),
we have calculated the quantities E[(Om)(a 1 /ay), giplal /as),
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FIG. 5. The calculated time evolution of the ion momentum p;(¢) and its kinetic energy E;(¢) during the collision with the atom. The left
column of graphs (graphs (a)) presents the result of the calculation with the potential of atomic-ion interaction V,; fixing the ratioa, /a, = 1.697
slightly to the right of the CIR and with the initial condition (19) specifying the 3D motion of the ion in the Paul trap before the collision. The
results presented in the central and right columns of the graphs (graphs (b) and (c)) were obtained with the initial condition (18) specifying the
2D motion of the ion in the Paul trap before the collision. The results shown in the central graphs (graphs (b)) were obtained with the potential
V. giving the ratio a, /a, = 1.576 in the resonance region slightly to the right of the CIR. The right graphs (graphs (c)) illustrate the dynamics
of the ion outside the resonance region for a, /a, = 1.796.

T(ay/as), and Ppe(ai/as) similarly to the calculation these conditions fix the mean initial energy of the ion as
performed above. In this case, the initial conditions (19)

setting 3D motion of the ion before collisions were used. (in) "

However, in the case of a stationary secular potential (22), <Ei >= 0.62E7,
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which is more that four times the mean ion energy (E™) =
0.133E* in the time-dependent Paul trap for the same initial
conditions (19). In our previous work [22] it was demonstrated
that an increase in the initial ion energy leads to a shift of the
the CIR position to the right. We observe the same effect in
the present calculation with an ion trap (22).

The results of the calculations with the time-independent
confining trap (22) are presented in Fig. 6 where the CIR shifts
to the point a; /a;, = 1.71. The demonstrated above effect of
increasing the efficiency of sympathetic cooling of an ion in
the CIR region is also preserved for the secular approximation.
Moreover, this region noticeably expands to the left and right
of the CIR point, and the observed heating of the ion to the
right of the sympathetic cooling region is much less than what
we obtained for the time-dependent Paul trap. Indeed, for the
rf Paul trap, we observe a sharp increase in the average ion
energy to the right of the sympathetic cooling region (see
Fig. 4), almost by an order of magnitude compared to its
initial average energy. By replacing the time-dependent Paul
trap with a stationary secular approximation, micromotion is
eliminated, which leads to the elimination of micromotion-
induced heating of the ion. Nevertheless, to the right of the
sympathetic cooling region, a slight increase in the ion energy
is noticeable. We interpret this growth as the influence of
the resonant formation of molecular ions with the transfer
of the energy release to the excitation of its center of mass.
This very narrow (in the absence of the rf part in the Paul
trap) resonance state to the right of the “main” resonance at
ay /a; ~ 1.7 manifests itself very weakly in the calculated
curves gip(a, /ay) (Fig. 6(b)) and T (a, /as) (Fig. 6(c)), but
leads to a noticeable increase in the probability Py (a/as)
of formation of ionic molecules (Fig. 6(d)).

In conclusion of this study, we can summarize that replac-
ing the time-dependent Paul trap with the widely used secular
approximation [46] enhances the effect of increasing the effi-
ciency of sympathetic cooling in the CIR region: this region
expands, the depth of ion cooling increases in comparison
with the values achieved in the Paul trap, and exceeds the
limit of sympathetic cooling, which follows from the model of
an absolutely elastic head-on collision of classical balls. We
explain this effect by the absence in the stationary potential
(22) of the time-dependent rf part, which is responsible for
the micromotion of ions and, as a consequence, for their pos-
sible heating upon collisions with cold atoms, which prevents
sympathetic cooling of ions.

D. Sympathetic cooling near CIR in atomic traps

Finally, we evaluate the effect of the long-range character
of the atom-ion interaction on the process of sympathetic
cooling. For this purpose we replace the long-range tail in the
interparticle interaction (7) by the more short-range van der
Waals potential

_ (rZ*CZ < R*
R ek r'x
V“a(r) = (R2—c?) R* *} (23)
~wmeoweE 5 >R

With this potential we have performed the calculation of the
mean kinetic energy of the heavy particle after the colli-
sion (Ei(out)(a 1/ay)), the coupling constant gip(ay/ay), the
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FIG. 6. The calculated in the time-independent secular approx-
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effective coupling constant gp, transmission coefficient 7', and
the molecular ion formation probability Py as a function of the
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transmission coefficient 7 (a,/a;), and the probability of
formation of a two-body bound state during the collision
Proi(ay /as). Results of the calculations are presented in
Fig. 7. They were obtained with the potentials (1) and (22)
describing interactions of the colliding particles with the trap.
Herewith, a trap for a heavy particle was described by the
secular approximation from the previous section (22). The
initial conditions for the heavy particle were specified in the
form (19) setting its motion before collision in 3D space, as
for the ion in the previous section. With the parameters ¢ and
b in (23) we tuned the ratio a, /a; on the resonant value 1.51,
which is slightly shifted with respect to the CIR position in
the time-dependent ion trap (Secs. III A and III B) due to a
more that fourfold increase of the initial heavy particle energy
in a stationary trap. However, due to the short-range character
of the atom-atom interaction the effect is much weaker than
in the previous section where the atom-ion interaction has a
long-range tail. In the calculations, the atom trap width a
was fixed, but the atom-atom scattering length a, was varied
by changing the parameters of the potential (23) within the
interval 0.08R*? < b* < 0.17R*? and ¢* ~ 0.1R*2.

The curve (El.(om)(a 1/ay)) given in Fig. 7(a) qualitatively
repeats the behavior of the curve calculated in the previ-
ous section (Fig. 6(a)) in the secular approximation for the
ion-trap interaction (22). However, the replacement of the
long-range tail in the interparticle interaction (7) by the short-
range van der Waals tail (23) leads to a significant narrowing
of the region of the minimum of the calculated curve to the
right of the CIR and its broadening and deepening to the left
of the CIR. We explain this effect by the narrowing of the
splitting of CIR into components (2, I) and (0, I + 1), which
arises in a quasi-1D collision of distinguishable quantum par-
ticles, when the long-range potential (22) is replaced by a
shorter-range one (23). This splitting is developed in the cal-
culated curves gip(a, /ay) and T (a, /as) given in Figs. 7(b)
and 7(c). Due to the narrowing of the distance between the
CIRs 2,1)(ay/as =1.51)and (0,1 + 1) (ay /a; = 1.72), we
observe their practical overlap in Fig. 7(d), which shows the
calculated probability P, of the formation of a bound two-
particle system in a collision. Moreover, since the splitting
between the components (2,7) and (0,7 + 1) of the CIR is
very narrow, the resonant amplification of Py, in the point of
CIR (0, I + 1) also covers the region of the resonance (2, I).

In conclusion, the calculation performed shows that the
replacement of the long-range tail in the atom-ion interaction
(7) by the short-range van der Waals potential (23), which
simulates the atom-atom interaction, does not fundamentally
change the picture of enhanced sympathetic cooling of a
heavy hot particle near CIR. Moreover, in this case we get
a deeper minimum for the curve (E*"(a_ /ay)) to the left of
CIR, which is much deeper than the limit following from the
model of the absolutely elastic central collision of two balls.

The above consideration can be regarded as a rough model
of the quasi-1D Li-Yb scattering in an optical trap in the vicin-
ity of the atomic CIR, which demonstrates that the effect of
enhancing the sympathetic cooling of the *Yb ion in confined
collisions with Li atoms in the resonant region also remains
in the confined collision of atomic Yb with cold Li atoms. An
obvious improvement of the model is the use of more realistic
parameters " >~ 0.03R* for matching the van der Waals tail
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FIG. 7. The results of calculations with the potential (23) simu-
lating Li- YD collision in the time-independent secular approximation
(22): the mean energy (El.(o‘")) of the Yb atom after collision, effective
coupling constant gp, transmission coefficient 7', and the molecule
formation probability P, as a function of the ratio a, /a;.
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with the inner part of the potential (23) instead of ¥* = R* that
we use here and the Cq coefficient, as well as more realistic
parameters w, , and w, in the interaction of the Yb atom with
the optical trap (22). Such a modification, however, requires
a significant improvement in the convergence and accuracy of
the computational scheme we use here.

IV. CONCLUSION

We have investigated the effect of sympathetic cooling
around CIRs in atom-ion and atom-atom collisions with a
quasiclassical-quantum approach using the Li-Yb™ and Li-
Yb confined systems as an example. In this approach, the
Schrodinger equation for a cold light atom is integrated simul-
taneously with the classical Hamilton equations for a hotter
heavy ion (atom) during collision. We have shown in the
framework of this model that the region near the atom-ion CIR
is the most promising for the sympathetic cooling of an ion by
cold atoms in a hybrid atom-ion trap due to suppression of the
micromotion-induced heating. The origin of this suppression
is the “fermionization” effect of the relative distribution of the
atom-ion probability density near CIR, where the atom-ion
pair behaves as a pair of noninteracting identical fermions,
which partially compensates the long-range character of the
atom-ion interaction and, as a consequence, the possibility to
enhance the ion micromotion due to collisions.

Moreover, it was also demonstrated that in the absence
of micromotion of a heated particle, as in the case of the
secular approximation for an ion in a hybrid atom-ion trap
or in the case of atoms in an optical trap, the efficiency of its
sympathetic cooling in the CIR region increases.

Thus, based on the performed analysis we propose a way
for sympathetic cooling of ions in an electromagnetic Paul
trap: to use for this purpose cold buffer atoms in the region of
atom-ion CIR. It was also shown that it is possible to improve
the efficiency of sympathetic cooling in atomic traps by using
atomic CIRs.

In conclusion, atom-ion CIRs have not been experimen-
tally discovered yet. Therefore, it seems to us that it is easier
to verify experimentally the predicted mechanism of sympa-
thetic cooling in atomic systems, where magnetic Feshbach
resonances are successfully used to tune atomic CIRs. Never-
theless, the implementation and tuning of the effective atomic-
ion interaction on the atom-ion CIRs may turn out to be a
simpler experimental problem than in pure atomic confined
systems that do not require the use of the Feshbach mag-
netic resonance technique. Indeed, the nonresonant s-wave
atomic scattering lengths a; in free space are much smaller
than the transverse dimensions of the existing atomic optical
traps a,, that is, in the nonresonant case a; > |ag|. There-
fore, the realization of the resonance condition a; = 1.46a;,
for atomic systems required the use of the technique of mag-
netic Feshbach resonances for a sharp increase in the value
of a;. In atom-ion systems, the scattering lengths, even in
the nonresonant case, significantly exceed the characteristic
nonresonant atomic scattering lengths due to the long-range
nature of atom-ion interactions compared to atomic interac-
tions, which leads to the fulfillment of the relation a; ~ |a,|
for atom-ion systems already in the nonresonant case. There-
fore, the necessary fine-tuning of the atom-ion scattering
length a; to satisfy the resonance condition a; = 1.46a, can
here be replaced by just a slight variation of the atomic trap

width a, without using the Feshbach resonance technique for
enhancement of a,. In this context, the task of experimental
detection of the atom-ion CIR and its use for sympathetic
cooling of ions in a hybrid atom-ion trap seems to us quite
feasible and relevant.

Note also that a fully quantum consideration of the problem
would be very useful, especially in the case of comparable
masses of an ion and an atom, when quantum effects become
significant. However, its realization is a rather challenging
technical problem but also a realistic one.
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APPENDIX

The coupled system of quantum (3) and classical (6) equa-
tions describes collisional dynamics of a Li-Yb* pair confined
in a hybrid trap with three absolutely different timescales
27w [ Qup L 27 /w; Kt =27 /w, defined by Paul trap fre-
quencies of Qi =27 x2 MHz and w; = 27 x63 kHz and
atomic waveguide frequency w,; =~ 27 x 10 kHz. These three
timescales impose strict requirements on the computational
scheme. The scheme must be a stable enough long time in-
terval (time of atom-ion collision) ~107; = 10(27 /w, ) and,
on the other hand, it must accurately handle fast oscilla-
tions defined by the frequency ;¢ of the rf field, as well as
the resonant behavior of the atom-ion interaction potential
Vai(Iry — r:(¢)]) (7) upon collision.

To integrate the coupled system of equations of motion (3)
and (6), we applied the splitting-up method with a 2D
discrete-variable representation (DVR) [52-54]. For an accu-
rate inclusion of the atom-ion interaction potential (7) in the
numerical integration procedure of the Schrodinger equation
(3) at the moment of the resonant atom-ion collision, a tailored
splitting-up procedure in the 2D DVR representation [22] was
developed.

Simultaneously to the forward in time propagation
ty — tyr1 = t, + At of the atom wave packet ¥ (r,, t,) —
¥ (r,, t,+1) When integrating the time-dependent Schrodinger
equation (3), we integrate the Hamilton equations of mo-
tion (6), which involve three different scales of frequencies,
namely, Q, w;, as well as @, in the quantum-mechanical av-
erage (Y (rq, 1;1)[Vai(Ifa — ri(0)DIY (xg, 151)). To this end,
we have adapted the second-order Stormer-Verlet method [55]
to our problem:

plgn+1/2) _ Pz(‘n) . %%Hi(pﬁ”wz), rlgn)>,
pHD %{%Hi(piwﬂﬂ)’ r™)
+%Hi(p§n+l/2)’r§n+l))}’
En-&-l) _ p’(n+1/2) N %%Hi(plgnﬂ/z)’ r;n-ﬁ-l)). (A1)
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1/2
Here, p® = p;(1,), p" /2 =pi(t, + 41), p"*"

and the same definition for r"”

i

:pi(tn + At)’

The convergent results were obtained with a time step of
the order of At = ¢, /6000.
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