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A single ion immersed in a neutral buffer gas is studied. An analytical model is developed that gives
a complete description of the dynamics and steady-state properties of the ions. An extension of this model,
using techniques employed in the mathematics of economics and finance, is used to explain the recent
observation of non-Maxwellian statistics for these systems. Taken together, these results offer an explanation
of the long-standing issues associated with sympathetic cooling of an ion by a neutral buffer gas.
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The fact that two isolated objects in thermal contact tend
to the same temperature is the most basic tenet of thermo-
dynamics. It is also the essence of the technique of
sympathetic cooling, where a sample is prepared at a desired
temperature by bringing it into thermal contact with a much
larger body already at the desired temperature. It is difficult
to overstate the importance of this technique as it underpins
applications ranging from basic refrigeration to quantum
information science.

It may be considered surprising then that a gas of ions
trapped in a radio-frequency (rf) Paul trap and immersed in
areservoir of neutral atoms does not equilibrate to the same
temperature as the neutral atoms. Instead, the ions are
found to have a higher temperature than the neutral gas, and
in some cases are heated so much that they escape the trap.
Since the early work of Major and Dehmelt [1] it has been
known that this apparent contradiction with the laws of
thermodynamics is due to the fact that ions are subject to a
time-dependent confining potential and are therefore not an
isolated system. However, despite pioneering work by
Dehmelt and others [2,3], an accurate analytical description
of the relaxation process has not yet been achieved. Given
the recent surge in interest in hybrid atom-ion systems
[4-14], where ions are immersed in baths of ultracold
atoms, there is currently a strong need for such a descrip-
tion so that these systems can be understood and optimized.

Building upon the important work of Moriwaki et al. [2],
here we present a simple kinematic model, which accu-
rately describes the ion relaxation process. This model,
which has been verified by detailed molecular dynamics
simulations, provides a simple and accurate means to
calculate both the relaxation dynamics and the properties
of the ion steady state. This model also provides significant
physical intuition for the problem and, as such suggests
several ways for optimizing ongoing and planned experi-
ments in fields as diverse as quantum chemistry [4—13],
mass spectrometry [15], and quantum information [16].

In the remainder of this work, we first review the basics
of ion trapping and introduce the time-averaged ion kinetic
energy. We then consider the effect of a collision with a
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neutral particle on the evolution of the kinetic energy of a
single ion in a Paul trap and show that due to the presence
of the time-dependent potential the collision center-of-mass
frame energy is not conserved. Following this result, we
develop a rate equation model, which accounts for the
relaxation and exchange of the ion energy in all three
dimensions. We then present simple formulas for the
calculation of the ion temperature relaxation rate and
steady-state value, as well as the dependency of these
values on the ion trapping parameters and particle masses.
We establish the validity of these results by comparing
them to a detailed molecular dynamics simulation. We
conclude with an explanation for the recent observation
[17] of non-Maxwellian distribution functions for these
systems.

lon trap dynamics.—The trajectory, r;, and velocity, v;,
of an ion (mass m; and charge ¢) in a linear Paul trap (field
radius r, 1f trapping voltage V., rf frequency €, dc end-
cap voltage U, axial length 2z, and geometrical factor k)
can be expanded as a linear superposition of two orthogonal
Mathieu functions c(a;,q;;7) and s(a;,q;;7) with coef-
ficients A j and B s

[rj(r)} _ [cj(r) sj(r)} {AJ»] 0
v;(7) ¢i(z) §;(0) || B; |

where j=ux, y, z, 7=Qt/2 and the dependence on
the Mathieu parameters ({a,,a,,a,}={—a,—a,2a} and
{qx’ qy> qz} = {q’ -9, 0} with q = 4'eVrf/’/nir(2)S22 and
a =4 xeU,./m;z3Q?) is suppressed [1]. The Fourier trans-
form of ¢;(z) and s;(7) is a discrete spectrum,

cj(z') + lsj(’[) = Z Cznel(ﬂj+2")f, (2)

n=—oo

The n =0 term corresponds to the “typical” motion of
a harmonic oscillator—i.e., the secular ion motion. The
remaining terms with n # 0 represent the components of
the ion motion driven by the rf field—i.e., the so-called
micromotion.
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As a result of this spectrum, the instantaneous kinetic
energy is not a conserved quantity. Instead, energy coherently
flows back and forth between the kinetic energy of the ion
and the confining electric field at frequency n€. Therefore,
it is useful to define the time-averaged kinetic energy

m [T m5, 2
W= im o [ =2EW B )

where the bar denotes the time average. Inverting Eq. (1), W;

is related to the instantaneous coordinates r; and v; through
mc_? 2 2,2 2 (2Y,2
i =5, \ (6 5+ (e + 7))

0.j

where w ; is the Wronskian of ¢; and s;. W; includes
contributions from both the random thermal motion of the ion,
i.e., the secular energy, and the micromotion. The ratio of the
secular energy U to the total average kinetic energy is simply

! Wj Z;.Lozfoo |C2n|2

In the x and y directions, the micromotion energy is given by
Wymj=W;—=U; and for ¢ <04, n,,~1/2. In the
z direction where the trapping field is time independent
(g=0), c,(r) and s (r) simply become the cosine and
sine functions. Thus, all micromotion sidebands vanish
and 7, = 1.

Modeling the collision process.—When a trapped ion is
immersed in a buffer gas of neutral atoms of mass m,, and
density p, the Mathieu trajectory of the ion is modified by
interactions with the neutral atoms. The ion-neutral inter-
action potential is comprised of a long-range attraction
V(r) = —C,/2r* and short-range repulsion, where C, is
givenby Cy = a,¢?/(4ze))?, and a,, is the polarizability of
the neutral atom. Recent work [18], has explored the effects
of this potential at ultracold temperatures, showing that the
perturbations of the ion trajectory by the C, potential can
lead to heating of the ion. Here we do not consider this effect,
but given that the characteristic length of the C, interaction
[19] is small compared to the trap dimension we treat the
collision as a pointlike interaction. As will be seen, this
approximation is justified, despite the important result of
Ref. [18], as the effects considered here typically lead to
temperatures that preclude the observation of the effects
considered in Ref. [18]. We also make the additional
simplifying assumptions that the density of the neutral
atoms is constant and that inelastic processes, such as charge
exchange, do not occur.

Because the motion of the ion differs significantly in the
radial and axial directions of a linear Paul trap, the
relaxation and redistribution of energy is significantly more
complicated than in a time-independent harmonic trap [20].
We therefore describe the statistically averaged evolution

o)

of the ion kinetic energy W = [W,, W,, W_|T by a three-
dimensional rate equation,

d{W(1))

C = (W ()

- Wst)? (6)
where I" is an average collision rate (which may depend on
energy), M is a 3 x 3 “relaxation matrix” that accounts for
energy damping and redistribution among the three trap
directions, and W, is the steady-state kinetic energy. The
angled bracket denotes averaging of the sympathetic cool-
ing experiment over multiple trials.

In order to calculate both I" and M it is necessary to know
the neutral-ion differential elastic scattering cross section
do,;/dQ, which, given an interaction potential, is a straight-
forward quantum scattering calculation [21]. Regardless of
the specific atom-ion potential, however, several generic
arguments can be made. First, the differential cross section
always exhibits a large forward scattering peak at all energy
scales [22]. Thus, the majority of atom-ion collisions lead to
only slightly deflected trajectories, resulting in a very small
change in W. Therefore, as originally argued by Dalgarno
and co-workers [23], to prevent an overestimate of the
energy redistribution due to collisions the momentum trans-
fer (diffusion) differential cross section, i.e., (do,/dQ) =
(1 —cos®@)do,;/dQ should be used to calculate the total
atom-ion collision rate, where 0 is the angle of scattering.
Second (and fortuitously), the diffusion differential cross
section is approximately isotropic in scattering angle,
especially after thermal averaging, and agrees quite well
with the simple Langevin cross section [24] o,~ 0, =
7\/2C4/ E—see [25] sect. A, for a comparison of a quantum
scattering calculation to the Langevin differential cross
section. Therefore, we replace the cross section by an
isotropic profile which integrates to ¢; . Under this approxi-
mation, the average collision rate I' = 2 zp+/C4/u (where u
is the reduced mass) becomes energy independent and the
calculation of M is greatly simplified. As demonstrated
below, the validity of this approximation is confirmed by
comparison to a detailed molecular dynamics simulation,
which uses the full quantum differential cross section. The
resulting error in the relaxation rate is smaller than 25% for
collision energies down to 1 mK.

With the collision rate in hand, the relaxation matrix M
is calculated by considering the kinematics of a collision
between an ion and neutral atom as follows. Suppose that
at time 7 an ion undergoes an elastic collision with
an incoming neutral atom of velocity v,. Conservation
of momentum and energy for the collision dictates that the
velocity of the ion after the collision with the neutral atom
is given by the sum of center-of-mass velocity and the
scattered relative velocity [26],

S i i
VeErraY T

R<V - Vn>’ (7)
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where m = m,,/m; is the mass ratio and R is the collision
rotation matrix, which, following the above discussion, is
isotropic. Likewise, because the characteristic length of
the C, interaction [19] is small compared to the trap
dimension, the position of the ion is assumed to be
unchanged during the collision, i.e., r' = r. By requiring
that ¥’ and v’ also correspond to a Mathieu solution
through Eq. (1), a new set of oscillation amplitude
(Aj', B}) and, thus, the average kinetic energy after the
collision W', can be found.

This last step is the critical difference between sympathetic
cooling in static and time-dependent traps, which is illus-
trated with the following one-dimensional example. In a
static trap, like that in Ref. [27], if a collision happens at
position x = a that reduces the velocity such that v,” =0, a
trapped particle of mass m begins a “new” oscillation
trajectory, x' = a cos(2z+/k/mt), where k is the trap spring
constant. This collision always reduces the total energy of the
particle. By contrast, in the time-dependent potential of a
linear Paul trap, because of the terms in Eq. (2) with n # 0, it
is possible that even though the collision brings the particle to
rest, the particle may have a higher energy after the collision.
This can be seen by again considering a collision that leads to
v,/ =0, which, depending on the rf phase, could be
accomplished by having large and opposite contributions
to the velocity from the n = 0 (secular) mode and n # 0
(micromotion) modes. Thus, even though the particle is
momentarily stopped, it could leave the collision on a
trajectory of higher amplitude.

With this prescription, the calculation of M is straight-
forward. Using Eq. (7) with Eq. (4), and taking the average
with respect to v,, R and 7, the average change of W per
collision is found by (W) — (W) = —M(W) + N (see
[25] sect. B), where

2¢—1 a a
Z 1T s
M= (T8 T ] @
6 6 3
and
ﬁ’l a<Wn>
N:(1+~)2 a(Ww,) |. 9)

The components of the steady-state kinetic energy Wy, =
—~M~'N reduce to

Woe = Way 9(2+m)a

W,y (W,) 18—=3m(a+de—4)—2m*(a+2e¢—1)
Wo. 3[6 + (2 + a—4de)]
(W,) 18 =3m(a+4e—4)—2m*(a+2e—1)

(10)

where (W,) is the average kinetic energy of the neutral
atom in each dimension, and a and € are defined by
integrals of Mathieu functions (see [25] sect. B), and for
low values of ¢ and a, their numerical values are approxi-
mated by [28],

ar2+2¢**, e~ 14240

Model results.—First, shown in Fig. 1(a) are the com-
ponents of W normalized by (W,,) obtained from Eq. (10).
Also, shown in this figure are the results of a detailed
molecular dynamics simulation, described in [25], sect. C.
In the limit of a light neutral atom (m ~0) and g — 0,
a2, Wy/(W,)~[2,2,1]T. Thus, at steady state,

a result often referred to as the “equipartition” [29] of
kinetic energy between secular motion and micromotion.
As m increases, the steady-state secular energy deviates
from equipartition and becomes much higher than (W,,).
As ¢ increases, this deviation becomes significant more
quickly.

Second, the solution to Eq. (6) is a linear combination of
three fundamental relaxation processes, whose rates are
determined by the three eigenvalues of M. The asymptotic
behavior of the energy evolution is governed by the slowest
relaxation rate, I'A(, where 4, the smallest eigenvalue of M, is

W — w,,,, ¢=014 (a)

FIG. 1 (color online). (a) W, as a function of m for ¢ = 0.14
(red) and g = 0.42 (blue). The axial and radial components of
W, are denoted by dashed and solid lines (theory) and dots
(simulation). (b) Eigenvalues of M as a function of m for fixed
g = 0.14 and a = 0. Black dots are asymptotic relaxation rates
(normalized by I') from numerical simulations. Lines are three
calculated eigenvalues of M. The smallest one (blue line)
intersects A = 0 line at m = m,, which separates cooling from
heating. (c) Simulated (dots) and calculated (blue line) critical
mass ratio m, as a function of trap ¢ parameter, as compared to
previous results in Refs. [1,2,17].
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and m, is the critical mass ratio given in terms of trap
parameters as,

A—q—4 2 2
%623[ a—de+/a +8a(1+€)+166}‘ (12)
42e+a—1)

The eigenvalues of M are shown in Fig. 1(b) and are
compared to the asymptotic relaxation rates observed in the
simulation. For m < m,, the cooling rate from Eq. (11) is
similar to the traditional sympathetic cooling result up to a
numerical factor [20]. In this regime, the initial positive
slope of A results from enhanced energy transfer efficiency
through collisions with neutral atoms of similar mass.
However, the additional factor 1 — (/i) causes A to
reach a maximum and decrease to negative values once m
exceeds m,.. At this point, it is observed in the simulation
that the oscillation amplitude of the ion grows with
collisions, until the ion becomes too energetic to be
trapped, regardless of the energy of the buffer gas.

The transition from sympathetic cooling to heating by
a buffer gas is thus defined by m = m, and is shown in
Fig. 1(c) as a function of ¢ along with the results of the
molecular dynamics simulations and previous results from
other models of the process [1,2,17]. Taken together the
results of Figs. 1(a)-1(c), make the case for using as small
a buffer gas mass and as low ¢ as possible, if significant
sympathetic cooling is desired.

Non-Maxwellian statistics in an ion trap.—As originally
observed in the seminal work of DeVoe [17], the peculiarity
of sympathetic cooling in an ion trap is also manifested
in the steady-state energy distribution of the ion, which
features a heavy power-law tail due to the random ampli-
fications of the ion energy by collisions. To gain a
quantitative understanding of how this distribution arises,
consider a simplified model, in which the motion of the ion
and neutral atom are restricted to one dimension, and
R = —11in Eq. (7). In (A, B) space, collisions result in a
random walk given by

Ayi1| | s¢c 55 Ay v, | s
- (sl s )R]l

(13)

where ¢ = 2m /(1 + ), [Ay1, By]" are the coordinates
after the Nth collision, which occurs at 7 =17y (N =
1,2,...,0). The 7y constitute an array of Poissonian
variables, with average interval equal to I'"!. As can be
seen from Eq. (13), the random walk in (A, B) space has
both additive and multiplicative terms. As is well known in
the statistics of economics and finance [30], multiplicative
terms in the random walk give rise to the power-law
distribution as follows.

A recurrence relation for W, can be derived from Egs. (3) and
(13), and if only the distribution of high energy ions, i.e., Wy >
(W,) is considered, this relation reduces to Wy, = CWy,
where the multiplicative coefficient C is given by

2

sC .
Clow 0) = 14205 45 (4 ), 2,
0

wo
(14)

and tan @y = By /Ay. Because W only depends on A% + B2, it
is expected that as N — oo, € becomes uniformly distributed in
the range of [0, 27) and uncorrelated with 7. Q(C), the
probability density of C, is calculated from Eq. (14) and exhibits
random amplification of the ion energy, i.e., C > 1, as shown in
Fig. 2 panels (a) and (c) for different values of m and g.
Because of this random amplification, W develops a
power-law tail in its probability density at steady state, i.e.,
P(W) « W=+ where v can be found numerically from
the condition (C*) = 1 [31]. Figure 2, panels (b) and (d),
compare the prediction to the energy distribution extracted
from a molecular dynamics simulation, which subjects the
ion to 10° trials, in each of which the ion undergoes 10*
collisions, for each /n and ¢ parameter. As / and g increase
random amplification becomes more likely, causing the
energy distribution to become more non-Maxwellian. In
comparison, there is no such random amplification from
collisions in a static trap (see [25] sect. D for details).
By considering the value of v as m — 0 and m — oo, we
find that the power can be approximated as vp ~ 1.67/m —
0.67 in one dimension (see [25] sect. E). To extend the above
discussion to a full 3D model, C necessarily becomes a3 x 3
stochastic matrix, and the theory of stochastic matrix
products [32], which is beyond the current scope, must
be considered. Nonetheless, one expects (3p ~ (1/2)¢p
because in three dimensions R average to zero, thus,

— =023
— =040
— 15 — =057

(a)

0.0 0.5 1.0 1.5 2.0 10° 10 10° 10*
c w/(w,,)

— ¢=0.23
— =047 10288000,
—~ 15 — ¢=0.70

(©)

* ¢=0.23

10
0.0 0.5 1.0 15 2.0 190 10! 10° 10°
c w/(w,)

FIG. 2 (color online). Probability density of the multiplicative
noise Q(C) and corresponding ion’s energy P(W) for the 1D
model from simulations for fixed ¢ = 0.23 [lines in panel (a) and
(b)], and fixed m = 0.23 [dots in panel (c) and (d)]. The tail of
P(W) is fitted to the power-law form of W~®+1 [solid line in
panel (¢) and (d)], where v is given by (C*) = 1.
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Usp ~ 2vp, which agrees reasonably well with the empiri-
cally extracted power law of DeVoe, vy, = 4/m — 1.

In summary, we have developed an analytical model that
accurately predicts the steady-state value and dynamics of
the kinetic energy of a single ion immersed in a neutral
buffer gas. The transition from sympathetic cooling to
heating, and its dependence on trap parameters and masses
of the particles have also been explained. Finally, we have
confirmed that the recent observation of non-Maxwellian
statistics [17] for a trapped ion can be attributed to random
heating collisions and provided a means to approximate the
expected power law of the energy distribution. Taken
together, these results solve the longstanding issues and
questions that have existed since Dehmelt first considered
this problem over forty years ago. We believe that these
results will be critical for the design and interpretation of
experiments in the rapidly growing field of hybrid atom-ion
physics [4-13].

We thank John Bollinger for guiding discussions. This
work was supported by the ARO Grant No. W911NF-10-1-
0505 and NSF Grant No. PHY-1005453.
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