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Efficient single-photon absorption by a trapped moving atom
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The influence of the center-of-mass motion of a trapped two-level system on efficient resonant single-photon
absorption is investigated. It is shown that this absorption process depends strongly on the ratio between the
characteristic time scales of spontaneous photon emission and of the two-level system’s center-of-mass motion.
In particular, if the spontaneous photon emission process occurs almost instantaneously on the time scale
of the center-of-mass motion, coherent control of the center-of-mass motion offers interesting perspectives
for optimizing single-photon absorption. It is demonstrated that time-dependent modulation of a harmonic
trapping frequency allows to squeeze the two-level system’s center-of-mass motion so strongly that high efficient
single-photon absorption is possible even in cases of weak confinement by a trapping potential.
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I. INTRODUCTION

Recent technological advances in the area of resonant
photon-matter interaction have opened new exciting experi-
mental possibilities [ [-3]. One line of research in this direction
focuses on the development of efficient means for coupling a
single elementary quantum system, such as a trapped atom
or ion, to properly engineered multimode radiation fields in
order to achieve a controlled and almost perfect transfer of
excitation between few-photon multimode states and material
quantum systems [4,5]. Aside from being of fundamental
quantum optical interest, these investigations are also driven
by the desire to explore new possibilities for realizing efficient
ways of transferring quantum information between material
elementary two-level systems (stationary qubits) and photons
(flying qubits) [6].

Recently, it has been demonstrated experimentally that
by trapping a single elementary quantum system in the
center of a parabolic mirror, an efficient coupling to optical
photonic multimode states can be achieved [4,5,7]. Thereby, a
parabolic mirror constitutes a convenient tool for redirecting
and focusing an asymptotically incoming (almost) plane wave
containing a few photons onto an elementary material quantum
system trapped in the parabola’s focus. For focal lengths and
distances large in comparison with the wavelengths of optical
photons, the quantized radiation field dominantly coupling to
such a trapped material quantum system looks like a dipole
field in free space whose center is located in the focus of
the parabola. Guided by characteristic features of the spon-
taneous photon emission process, it has been demonstrated
theoretically that even in free space optimal single-photon
wave-packet states exist which are capable of exciting an
elementary two-level system at a fixed position in space
almost perfectly. However, the center-of-mass motion of an
absorbing material quantum system complicates the situation
considerably because, in general, single-photon absorption and
the subsequent spontaneous photon emission process together
with the resulting recoil effects [8] entangle the center of mass
and the photonic degrees of freedom in an intricate way. On
the basis of these general features it appears that achieving
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almost perfect single-photon excitation in free space or with
the help of a parabolic mirror in the presence of center-of-mass
motion requires preparation of a highly entangled quantum
state of the center of mass and the photonic degrees of freedom.
Even by nowadays technological capabilities, the controlled
preparation of such entangled quantum states constitutes a
major technological obstacle and appears unrealistic.
Motivated by these developments, we explore the influence
of the center-of-mass motion of a trapped material two-
level system on single-photon absorption in free space or
equivalently in a parabolic cavity with large focal length. In
particular, we explore possibilities for optimizing this process
with the help of the particular single-photon wave packet [9]
which would achieve almost perfect absorption in the absence
of any center-of-mass motion. At first sight, one may be
tempted to conclude that almost perfect excitation of a trapped
two-level system by such an optimal single-photon wave
packet is only achievable in sufficiently strongly confining
traps with large trap frequencies. However, our investigations
demonstrate that almost perfect photon absorption from such
an optimal single-photon wave packet is possible even in
weakly confining traps and for initially prepared thermal states
of the center-of-mass motion provided the trap frequency is
modulated periodically in an appropriate way. Our analysis
exhibits also the crucial role played by the characteristic dy-
namical parameters, namely, the spontaneous photon emission
rate of the electronic transition involved and the trap frequency.
The investigation of the impact of the center-of-mass motion
on atom field interactions for high-finesse cavities has recently
also attracted attention in the literature (see [10] for example).
This paper is organized as follows. In Sec. II, the quantum
electrodynamical model describing single-photon absorption
by a trapped moving two-level system is presented. Based on
the dipole and rotating-wave approximations, the dynamics
of the single-photon excitation process and its relation to the
relevant field correlation function is discussed in Sec. III. In
Sec. IV, characteristic features of the excitation probability and
its deviation from the ideal motionless case are investigated for
tightly confining trapping potentials. In the subsequent Sec. V,
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these results are generalized to weakly confining trapping
potentials with particular emphasis on the experimentally
interesting dynamical regime of spontaneous photon emission
rates large in comparison with relevant trapping frequencies.
Section VI finally explores possibilities to optimize the
excitation probability by periodic modulation of the trap
frequency of a harmonic trap.

II. A QUANTUM ELECTRODYNAMICAL MODEL

We consider a single trapped atom or ion, whose internal
electronic dynamics is modeled by a two-level system reso-
nantly coupled to an optical single-photon radiation field and
explore its capability of absorbing this single-photon almost
perfectly. Inspired by recent experiments [4,5,7] we assume
that the center of the trap is positioned in the focal point
of a large parabolic mirror which is capable of focusing a
well-directed asymptotically incoming single-photon radiation
field towards the two-level system trapped close to the focal
point of the parabola. This excitation process is depicted in
Fig. 1 schematically.

In order to describe the dynamics of this single-photon
excitation process, we take advantage of the fact that in
the optical frequency regime, typical wavelengths are large
in comparison with the Bohr radius characterizing spatial
extensions of atoms or ions in energetically low-lying bound
electronic states. Therefore, the interaction between the two-
level system and the radiation field can be described in the
dipole approximation. Furthermore, we assume that the time
scale of typical optical transitions is orders of magnitude
smaller than all other interaction-induced time scales, i.e.,
the optical transitions frequency w,, is large in comparison to
the spontaneous decay rate in free space I". For atoms or ions
interacting with the radiation field in the optical frequency
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FIG. 1. Single-photon absorption process in a parabolic cavity: a
two-level system trapped close to the focal point x = 0 of a parabolic
cavity is excited by an asymptotically incoming single-photon wave
packet. This wave packet couples to the two-level system in the same
way as a single-photon wave packet capable of exciting this two-level
system almost perfectly in free space [see Eq. (3.4)]. A suitable setup
with a trapped ion at the focal point of the parabolic mirror has been
described in [4,7,11].
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regime, this is well satisfied (see for example the parameters
of the experiment described in [7]) (with I' = 1.2 x 108 57!
and w,, = 5.1 x 10" s71). In this regime, the rotating-wave
approximation is applicable. In addition, the velocity of the
two-level system’s center-of-mass motion is assumed to be
negligible in comparison with the speed of light in vacuum
¢ so that the dynamics of the center-of-mass motion can be
described in the nonrelativistic approximation. Under these
conditions, the total Hamiltonian governing the dynamics of
the quantum electrodynamical interaction between the moving
two-level system and the radiation field is given by

H = Hg + Hr + Hp + Hin. 2.1)

The free evolution of the radiation field is described by the
Hamiltonian ﬁp =h Zi a),-&j a; with the photonic destruction
and creation operators @; and d; t and with i indexing the modes
with frequency w; of the transverse radiation field. The Hamil-
tonians Hg = E.lg){(g|+ E.le){e| and Hr = p*/2m + Vo(X)
describe the dynamics of the electronic degrees of freedom
and of the center of mass of the trapped two-level system.
The frequency of the relevant electronic transition is denoted
weg = (E, — Eg)/h and X, P, and m are position operator,
momentum operator, and mass of the two-level system’s
center-of-mass degrees of freedom. The Hamiltonian ﬁim =
—I:Z(”(f() -d|e)(g| + H.c. describes the interaction between
the two-level system and the transverse radiation field in the
dipole and rotating-wave approximations with the two-level
system’s dipole matrix element d = (e|d|g) and its dipole
operator d. The mode decomposition of the positive part of
the transverse electric field operator is given by

. hw; .
B (x) = Zi ?Ojg 1(X)a; . (2.2)
J

The orthonormal transverse mode functions g; (x) are solutions
of the Helmholtz equation with appropriate boundary condi-
tions and with unit normalization per field mode. (¢ is the
dielectric constant of the vacuum.)

In order to describe the dynamics of the absorption
by a single photon, we have to solve the time-dependent
Schrodinger equation with Hamiltonian (2.1). In particular,
we are interested in its solution with a separable pure state of
the form

Vo) = [g) [¥r) [¥E)

prepared initially at time ¢ = #y. Thereby, |¥r) describes the
pure initial state of the center-of-mass degree of freedom and
|vr) denotes the initial one-photon state of the radiation field.
In the following, we are particularly interested in the center-
of-mass induced dynamics of this single-photon excitation
process for a photon state which is capable of exciting a
two-level system located at the fixed position x = 0, such as
the focal point of a parabolic mirror, almost perfectly.

(2.3)

III. DYNAMICS OF SINGLE-PHOTON ABSORPTION

In this section, we explore the dynamics of optimal resonant
single-photon absorption (in free space) by a moving trapped
two-level system whose Hamiltonian is given by Eq. (2.1).
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In view of the rotating-wave approximation, the Hamilto-
nian (2.1) conserves the numbers of excitations. Therefore,
for an initial state of the form of Eq. (2.3) the general
solution of the Schrodinger equation is given by a pure
quantum state which is a superposition of the photonic vacuum
state correlated with the excited two-level system and of a
single-photon multimode state correlated with the two-level
system in its ground state and with its center-of-mass degrees
of freedom generally entangled with the field modes. As the
center-of-mass motion is assumed to be nonrelativistic, the
resulting modification of the spontaneous photon emission
process from the excited two-level system is negligible so
that it is still described by the spontaneous decay rate I" in free
space, i.e.,

34,2
_ wld|
" 3rephcd’

Thus, from the time-dependent Schrodinger equation we find
that the probability of detecting at time ¢ the two-level system
in its excited state |e) is given by

t t
PE(I)Z/ dtlei(weg-&-i[‘/Z)(t—t])/ dtze—i(weg—il‘ﬂ)(t—lz)

0 fo

3.1

d* d
X (Yr |GV & (1), 11,%, (1), )| Yr) - 7 G2

This excitation probability is determined by the mean value of
the normally ordered field correlation tensor of first order, i.e.,

GO&;(1),11,%1(12).12)
= (YrlB~ & (1), 1) ® BY Ri(02), 1) |V £),

averaged over the two-level system’s initially prepared center-
of-mass state |7 ). Thereby, the position operator

/(1) = expli Hr(t — to)/hI% expl—i Hr (t — t9)/h]

denotes the time evolution of the center-of-mass position of the
two-level system in the interaction picture. In this interaction
picture, the transverse electric field operators EP(x; (¢),7) and

EO®;(0),1) = B (x;(1),1)]' are defined by

) [ho, .

EVxn =i %g,(x)eﬂwi“*fﬂ)&j. (3.3)
- 0
J

Let us now concentrate on an initially prepared one-photon
state |yr) which achieves almost perfect excitation of a two-
level system positioned at the fixed position x = 0 in free
space. It has been demonstrated [9] that the pure single-photon
state

1 [ho; d*-g;(x=0) . . _
AF Jj g/ i®j(tow—to)

— 0y — | —L ——— 2 7l 34
|WF)—ZGJ| >7i‘, 260 ®; — e iF/Ze 3.4

J

prepared at time #y with I'(z,, — fo) > 1 achieves such an
almost perfect excitation at time 7., in the absence of any
center-of-mass motion. The frequencies w; of this one-photon
state are distributed according to a Lorentzian spectrum
centered resonantly around the two-level system’s transitions
frequency w,,. The relative phases between these modes are
determined by the parameter #,,; which describes the time at
which a two-level system at the fixed position x = 0 is excited
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almost perfectly. If the two-level system were positioned
in the center of a spherically symmetric cavity of radius
R with ideally conducting walls, for example, the discrete
orthonormal mode functions coupling to the two-level system
in the dipole approximation would be given by

1 . 0
g.(X) = gV X [i(@nr/e)x x VY](0,9)]

3w —
=— /m%[e"““’/cgg)(x) + e ioleg(x)]

(3.5)

with

g(+)(x):—ercose|: ! + j|
“ (wr/c)* ~ (wr/c)?

sin 6 1 . 1 1
T {(a)r/c)2_l|:(a)r/c)_(a)r/c)3:|}
(3.6)

and with the angular momentum eigenfunction Y 10(0,<p) [12].
For real-valued frequencies  the relation g&)(x) = [g(P (%)]"
applies. Here, j,(u) = sinu/u®> — cosu/u denotes the spher-
ical Bessel function of fractional order [12] and » = |x|. The
angle between the direction of the dipole matrix element d
and x is denoted 6. Furthermore, e, and ey are the spherical
coordinate unit vectors in the r and 6 directions with the
z direction oriented parallel to the dipole vector d. In the
continuum limit of large cavity sizes, ie., w,R/c > 1,
the mode frequencies are given approximately by w, =
cr(n + 1)/ R with n > 0 being integer.

In accordance with current experimental activities [4,5,7]
and with the scenario depicted in Fig. 1, this excitation process
can be realized with the help of a parabolic mirror with large
focal length f and with the two-level system’s trap centered
in the parabola’s focal point x = 0. In the geometric optical
limit in which f is large in comparison with the photon’s
wavelengths, the optimal single-photon state of Eq. (3.4) can
be prepared by focusing an appropriately polarized (almost)
plane-wave single-photon state which asymptotically enters
the parabola along the direction of its symmetry axis [13].

For the pure one-photon state |r), the first-order correla-
tion tensor factorizes, i.e.,

G&;(1).11.%/(02),10) = F*&;(1).1) @ F(R;(12).12)
with the effective one-photon operator F(X;(t),7) =

(OIED (%, (#),0)|¥F). For our initial state, we get

F(xr) = 5= ) o0
0 n

weiwn(tom—m)
Wy — Weg —il'/2

. 3
! @, —iwnty o(+) —iwpt_ (=)

= — — e ™ X)+e "™ X
- Z Trpale e ™) g, ]

d*-e,
X— (3.7
Wy — Weg — iI'/2
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with L =t — foy F r/c. In the continuum limit, i.e., R — 00,
we can replace the sum by an integral. We obtain

i o . .
F(x.t _ d —iwty G(+) —iwt_ o (—)
x.) = Aen? /0 wle™™rg, () +e g, ()]

3 g%
d- -
2= % (3.8)
W — Weg —i'/2
By extending the region of integration to —oo (which is
well justified for w,, > I') and by applying Cauchy’s residue
theorem, we obtain the following analytical expression:

hI'3 .
T 1eM(x)O(—1. e i
Toea e O 1e

+857X)O(—12)e T ey i 2-

F(x,t) = —

(3.9)

Close to the ideal position x = 0 of the two-level system, i.e.,
for n = we,r/c < 1, this one-photon operator simplifies to
F(X,t) J— hr ei(weg+ir/2)(fou!_t)®(t0ut _ t)
d

. eZ
2 2
n . n
X |:ez<1 — E) + € sinf o+ 0(;74)}. (3.10)

Inserting Eq. (3.9) into Eq. (3.2) yields the time dependence of
the excitation probability P,(¢). For a two-level system fixed at
position x = 0 and for times ¢ > ¢, this one-photon excitation
probability reduces to

Piy(t) = e—l"ltom—l\(l _ e—F(r—to))Z (3.11)

with T = tO(toy — 1) + tout®(f — tou). Thus, for large inter-
action times, i.e., I'(r — ) > 1, the single-photon state of
Eq. (3.4) achieves almost perfect excitation of the two-level
system at time .y apart from terms exponentially small in the
parameter I'(t — #p) > 1.

Depending on the ratio between the characteristic time
scale of the center-of-mass motion and of the single-photon
absorption and spontaneous emission process, two extreme
dynamical cases can be distinguished. If the trap frequency
w7 of a harmonically trapped two-level system is much larger
than the spontaneous decay rate I', the spontaneous decay
process is so slow that details of the center-of-mass motion are
averaged out in the time integrals of Eq. (3.2). Consequently,
the excitation probability dominantly depends on the time-
averaged center-of-mass motion. In the opposite limit, i.e.,
or K T', the spontaneous photon emission process occurs
almost instantaneously on the time scale of the center-of-mass
motion. Consequently, the time evolution of the excitation
probability depends on details of the two-level system’s
center-of-mass motion in the trap.

IV. SINGLE-PHOTON ABSORPTION AND STRONG
CONFINEMENT OF THE CENTER-OF-MASS MOTION

Inserting Eq. (3.10) into Eq. (3.2), a systematic under-
standing of the influence of the two-level system’s center-
of-mass motion on the single-photon absorption process can
be obtained in cases in which this motion is confined to a
region close to the ideal position x = 0 in the sense that
N = weer/c <K 1. From Egs. (3.10) and (3.2), we obtain the
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result

Pe(t)

t t
=1’ / dn / dO(fou — 11)O(fou — 1p)e” I Hou=1712)
to o

wgg IS a a2
X {1 - 2W<WT|[ZI(Q) + 287 (12) + 297 (1) | 197

+ 0(774)} (4.1)
with %;(¢), 9,(¢), Z;(¢) denoting the time-dependent Cartesian
X, y, z components of the position operator of the center-of-
mass degrees of freedom in the interaction picture. Thereby,
the z direction is oriented parallel to the dipole vector d.

Let us investigate the center-of-mass motion in an
anisotropic harmonic trapping potential of the form

Vr(x) = mw’z’/2 + moix® 2+ mwy? /2 (4.2)

in more detail. In the interaction picture, the resulting dynamics
of the z component of the center-of-mass position is given by
s . b: .
21(t) = Zeos[w (1 — 10)] + —— sin[w (1 — 19)] (4.3)
mw,
with analogous expressions for the other Cartesian compo-
nents. Position and momentum operators in the Schrodinger
picture are denoted by Z and p,, etc. Inserting these position
operators into Eq. (4.1) yields the result

P(1) 1
Pia(t)

g | hAL()
5¢?

FLA]'('L')
2 Z S 4.4)

2mw, j

J=xy
with T = tO(tous — 1) + tout®(t — tou) and with
FeZiw/(T—fO) 1— e—([‘+2iw/)(r—zo)

Aj(0) = (Wrlb; P yr)

1 — e*r(T*fO)

Wl B + 1/2)r) + cc.

for j = x,y,z. The creation and destruction operators of the
harmonic oscillators in the Cartesian directions j = x,y,z are
denoted by I;j. and b Iz

According to Eq. ( 4.4) for long interaction times, i.e.,
T—1t > 1/I', and for small spontaneous photon emis-
sion rates, i.e., I' € w;, the excitation probability P,()
is determined by the time-averaged center-of-mass motion.

4.5)

In this dynamical regime we have A;(1) = Z(WTl(bAjTl;j +
1/2)|¥r) + O(I'/w;) so that the deviation of the excitation
probability P,(¢) from its ideal value P;4(t) is proportional to
the mean energy of the center-of-mass degrees of freedom in
the harmonic trap, i.e.,

P _ O | houyr B b+ 1/2)1yr)
Pa(t) 5¢2

2
maoz;

2y hooj (Yr(B; ' B; + 1/2)|yrr)

2
ma)j

4.6)
Jj=xy

As the mean energy of a harmonic oscillator is lower
bounded by its zero-point energy in this dynamical regime, the
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excitation probability P, (o) assumes its maximal value if the
center-of-mass degrees of freedom are prepared in the ground
state of the harmonic trap so that l3j |[Yr) =0for j = x,y,z.

According to Eq. (4.4) in the opposite limit of long
interaction times, i.e., T — fy > 1/ ", but large spontaneous
photon emission rates, i.e., I' > w;, the excitation probability
P,(t) is determined by the center-of-mass motion at time
T =1Ooy — 1) + tont @ — ton). In this dynamical regime
we obtain the approximate result

Aj(1) = (Yr|(B; 1T 4 om0 21y (4.7)

by neglecting terms of the order of O(w;/T"). The resulting
strong dependence of the excitation probability P.(f) on
the center-of-mass motion at time 7 can be exploited for
minimizing the deviations of the excitation probability from
its ideal values P;4(¢). This can be achieved by preparing
appropriate initial states |7) which minimize the quantities
A (7). For this purpose, squeezed vacuum states [14] of the
center-of-mass motion of the form

l¥r) = S(&,)S(E)S(E)|07)

offer interesting possibilities. In Eq. (4.8), [0r) denotes the
ground state of the harmonic trap, i.e., b;|07) =0 for j =
x,y,z and

(4.8)

$(6)) = et (4.9)
are the squeezing operators for the Cartesian components j.
For complex-valued squeezing parameters of the form §; =
rjexp(2i¢g) with r; > 0, for example, we obtain the result

P.(1) @ ar
20 = 1= P (ade ¥ +2a5e e+ 20 )
(4.10)

at all times ¢ for which sin[w;(t — fo) — ¢] = 0. Thereby, the
quantities Azg = +/h/(2mw;,), etc., denote the extensions of
the ground state of the harmonic trap along the corresponding
Cartesian directions. In contrast, at times for which cos[w; (T —
t9) — ¢] = 0 these extensions are enhanced periodically by
corresponding factors of e*=, etc. Thus, strong squeezing of
the initial state of Eq. (4.8) in all directions, i.e., r; > 1,
implies a significant increase of the excitation probability at
all interaction times ¢ with sin[w;(t — fp)] = 0 and may lead
to significantly more efficient single-photon excitation than
achievable in cases of small spontaneous decay rates.

V. SINGLE-PHOTON ABSORPTION AND WEAK
CONFINEMENT OF THE CENTER-OF-MASS MOTION

If the center-of-mass motion is not confined to a region
around the ideal position x = 0 small in comparison with
the wavelength of the resonantly absorbed photon, a Taylor
expansion of the mode functions g,(x) around x = 0 is no
longer adequate. In this case, we start from the general form
of the one-photon operator as given by Eq. (3.9). Inserting this
expression into Eq. (3.2) yields the excitation probability.

For typical spontaneous decay times 1/I" of the
order of nanoseconds and extensions of center-of-mass wave
packets Ax small in comparison with a few meters so that
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['Ax/c « 1, this one-photon operator can be further simpli-
fied to the expression

3nr : :
F(X,Z) — _2d » ®(t0ut _ lt)e_l(weg"’lr/z)(l_toul)
Z

x (g (e’ + g e |, o (5.

In many trapping experiments, typical spontaneous photon
emission rates of electronic transitions I' are large in com-
parison with typical trap frequencies, i.e., I' > wr. In this
dynamical regime, the single-photon absorption process takes
place almost instantaneously on the characteristic time scale
induced by the trapping potential. In particular, we demand
that for the typical velocities Av(t) = \/(le[Eﬁ, O 1vr)
the condition

Av(t)/(heeT) K 1 (5.2)

is fulfilled within a time interval of the order of a few lifetimes
of the excited state, i.e., 1/ I", around #oy (A is the wavelength
of the optical transition |e) — |g).). For a thermal state of the
harmonic trap, we obtain

Av(t) = /(H;)/m for j € {x,y,z}

with A ; denoting the Hamiltonian describing the dynamics
of the center-of-mass motion along the j axis. By using this
result, we get for the ground state

Av(t) = \Jw;h/(2m) for j € {x,y,z}.

By using the experimental parameters given in [7] (trapping of
"Yb, wr =27 x 480kHz, I' = 1.2 x 108 57!, and A, =
369 nm), we obtain Av(t)/(Ael") = 5.3 x 10~* « 1 for the
ground state and Av(t)/(A, ") = 3.3 x 1073 « 1 for the
thermal state in the Doppler limit. Hence, the condition is well
satisfied for typical experimental parameters. Condition (5.2)
can also be seen as a condition for a negligible Doppler
shift in comparison with the spontaneous decay rate of the
atomic transition. Thus, the integration over times #; and #,
appearing in Eq. (3.2) can be performed with the help of
partial integration [15] and the excitation probability at time
t is determined dominantly by the position operators X;(#;)
and X;(fp) attime T = tO(foy — 1) + Lo O — toy) and at the
initial time fy. Consequently, for large interaction times, i.e.,
['(r — 7o) > 1, and neglecting terms exponentially small in
this parameter, Eq. (3.2) simplifies to
P.(t) 9

oo = alrite g8 (0RO e, g IR (1))

x e i@y 1Y),
o

For a spherically symmetric trapping potential, a simple
analytical relation can be obtained from Eq. (5.5) if at the ob-
servation time ¢ the center-of-mass degrees of freedom can be
described by an isotropic Gaussian state pr(7) centered around
x = 0 with spatial variance Tr[p7(7)%%] = Tr[pr ﬁ%(t)], ie.,

(5.3)

54)

(5.5)

P(t) 3¢~
Py(t) 1015

[—205 — n3 + (20§ — 0} +1)e — 1]

(5.6)
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FIG. 2. Probability P,(t) of exciting a two-level system in a
spherically symmetric trap and its dependence on the effective
Lamb-Dicke parameter ny [see Eq. (5.7)]: the center-of-mass state
Pr(7) is assumed to be an isotropic Gaussian state. The spontaneous
decay rate is assumed to be large compared to the trap frequency, i.e.,
r> Wirap -

with the effective (time-dependent) Lamb-Dicke parameter

Ces [Te[pr R2(x)] /3.
o

This result can be applied to a large class of center-of-mass
states including squeezed vacuum and thermal states (with
respect to the isotropic trapping potential). The dependence of
the excitation probability P,(t)/ P;4(t) on the effective Lamb-
Dicke parameter 7 is depicted in Fig. 2 for I" > wr. The
corresponding time dependence of the excitation probability
P.(t) is illustrated in Fig. 3 for several values of ng. It
is apparent that for small effective Lamb-Dicke parameters
no, almost perfect excitation is achievable at time fqy. For
all effective Lamb-Dicke parameters, almost instantaneous
excitation with a large spontaneous decay rate, i.e., I > wr, is
more effective than excitation with a small spontaneous decay
rate, i.e., ' < wr.

no = (5.7

o.on—/‘/‘/’m: 2

[ (t—tout)

FIG. 3. Time dependence of the excitation probability P,(¢) in
a spherical symmetric trap for an isotropic Gaussian center-of-mass
state Or(7): the parameter 1y characterizing the center-of-mass state
is chosen to be ny — 0 (blue), no = 1 (orange), and ny = 2 (red).
The trapping frequency is small, i.e., I' 3> wr, so that the time
dependence of ng can be neglected. The interaction time is large, i.e.,
't —1) > 1.
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VI. OPTIMIZING SINGLE-PHOTON ABSORPTION
BY COHERENT CONTROL OF THE
CENTER-OF-MASS MOTION

As discussed in Sec. V, the maximum probability for
exciting the two-level system in the regime I" >> wyr,p is mainly
limited by the spatial width of the center-of-mass state during
the short time of the order 1/ I" in which the absorption process
takes place. This limitation is of particular significance in
cases in which no sub-Doppler cooling techniques are applied
and in which this spatial width is not sufficiently small. A
straightforward strategy to overcome this hurdle is to increase
the depth of the trap and thus increase the confinement of the
center-of-mass degrees of freedom. This procedure, however,
is typically limited by experimental constraints and therefore
cannot constitute an ultimate solution. As discussed in Sec. IV,
even if the relevant trapping frequency becomes larger than
the spontaneous photon emission rate, the achievable spatial
confinement of the center-of-mass state is limited ultimately by
the zero-point fluctuations in the trap. However, as discussed
in Sec. V, if the photon absorption process takes place
almost instantaneously, it is possible to increase the excitation
probability by preparing a center-of-mass state whose width
is sufficiently small during the photon absorption process,
such as a squeezed state, for example. The squeezing of the
center-of-mass state in ion traps has already been demonstrated
in experiment [16,17]. One method for achieving significant
squeezing is to modulate the trapping frequency with twice
the trapping frequency [18,19]. This way, highly efficient
one-photon excitation can be achieved even in a weakly
confining harmonic trapping potential.

For this purpose, let us consider the dynamics of the
center-of-mass motion of a nonrelativistic particle of mass m
in a periodically modulated spherically symmetric harmonic
trapping potential of the form

Vr(x,t) = imaw’ ()X,

0*(t) = wr + w28 sin[oy(t — 1o)]. (6.1)

The trapping potential above corresponds to the well-studied
problem of a parametric oscillator. The time evolution of the
classical as well as the quantum mechanical problem can
be expressed by using solutions of the Mathieu differential
equation [12]. Itis well known that the solutions of the Mathieu
equation become unstable in the region wy, ~ 2wy [12]. This
phenomenon of parametric resonance can be used to achieve
significant squeezing of the center-of-mass state.

If the modulation strength of the trapping potentials is
small, ie., |§] < 1, and wy = 2wr the dynamics of the
center-of-mass motion can be determined perturbatively. The
unperturbed dynamics is defined by the modulation strength
8 = 0 and by the corresponding explicitly time-independent
Hamiltonian Hy = $?/(2m) + mw2x?/2. The resulting time
evolution of an initially prepared pure state |7) is given by

17 (0) = SENSE)SE(1))e ™ H—0/R )

with the time-dependent squeezing parameters &, (1) = &,(¢) =
£.(t) = r(t)e%¢" being approximately determined by

r(t) = wrd(t — 1) /4, o) = wr(t —t9) —mw/2 . (6.3)

(6.2)
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FIG. 4. Time evolution of the squeezing parameter r(¢) for § =
0.5: numerically exact results for modulation frequencies wy = 2wr
(orange solid line), wy = 2.2w7r (green solid line), wy = 2.3wr (blue
solid line), and the associated approximation (dotted line).

The time evolution of the squeezing parameter r(¢) is
depicted in the numerical results of Fig. 4 for several scenarios.
The plot illustrates that for ) = 2wr the numerical results
are in excellent agreement with the approximate analytical
expression of Eq. (6.3) even for moderately large modulation
amplitudes. Even if the condition wy = 2wy is violated,
significant squeezing can be achieved. For larger deviations of
wy form 2wr [roughly |w?, — Qwr)?| 2 28w?3] a transition
from an unstable solution of the Mathieu equation to a stable
solution takes place. Squeezing can also be achieved in the
stable region, but in this case the value of the squeezing
parameter is bounded from above (see solid blue line in Fig. 4).

For an initially prepared energy eigenstate of the unper-
turbed trapping Hamiltonian Hp, the corresponding mean
values and variances of the position operator are given by

x;(1) =0,

<wT | ﬁO | wT> [efzr(,)
ma

(&7(n) = cos” (1) + ¥ sin® (1)].

(6.4)
This implies that also for any incoherent mixture of energy

eigenstates, such as a thermal state, for § > 0 at times ¢ with
sin[ep(¢)] = 0 the position uncertainties are squeezed signifi-

J

IMm?2

2
W,y
Pe(tout) =1- g{
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0.0 6 5 16 1‘5 2‘0
w2, (Ho)iy /3¢3mus

FIG. 5. Influence of squeezing of initially prepared thermal
center-of-mass states on excitation probability P,(z): the parameters
are r = 0 (blue), r = 1 (green), and r = 2 (orange). The solid lines
correspond to sin’[¢(¢)] = 0 and the dashed lines correspond to
sin?[¢(#)] = 1 during the short time the absorption of the photon
takes place. For the experimental parameters given in [7] (trapping
of "™Yb, wr =27 x 480kHz, I =12x 10°s7!, and w,, =
5.1 x 105 s71), we obtainwfg(ﬁo),o/%zmw% = 1.7 x 102 (ground

state) and wfg(lflo) 10/3¢?m®3 = 0.7 (thermal state in Doppler limit).

cantly. For a thermal state, the mean energy of the unperturbed
isotropic harmonic motion in the trap at temperature 7 is
given by (Ho) = 3howr(1/2 + 1/{explhwr /(kT)] — 1}). The
squeezing r(¢) induced by the periodic modulation of the
trapping frequency with twice the trapping frequency wr
increases linearly with the interaction time (¢t — tp). Thus,
it is capable of reducing the uncertainty around the mean
position (X;(#)) = 0 significantly even for an initially prepared
thermal state. Consequently, even if the center-of-mass motion
is confined only weakly by a trapping potential, the excitation
probability can achieve values very close to the ideal motion-
less case.

The influence of squeezing of initially prepared thermal
center-of-mass states on the excitation probability P,(t) is
illustrated in Fig. 5 for several scenarios. These results were
derived under the assumption that the condition stated in
Eq. (5.2) is satisfied. If the degree of squeezing becomes too
large, this condition may be violated and our results no longer
apply. We can take this into account by using the results from
Sec.IV. By using Eq. (4.4), we obtain the following probability
for exciting the atom for a squeezed thermal center-of-mass
state with sin?[¢(fou)] = O:

2
[(P2(tou)) + 2(P3(tou)) + 2(P3(tou))] — =5 [@F (&7 (tou) + 207 (£] (tou)) + 2007 ($7 (tou))]

r

3
w )
+ (27 (toud)) + 2(£7 (tou)) + 2(ﬁ%<rom)>} + 0( r*) (6.5)
for (t,ut — to)I" > 1. For a spherically symmetric trapping potential, this simplifies to
2 3 2 3
Pe(tout) =1 M 1 — 2& Le_zr(lom) + iezr(lout) + 0 &
3mc? 2 Jwk I 3
) N
~ — M [Le_zr(lou[) + iezr(fou[)] (6 6)
2 : .
3mc? w? 2

033832-7



N. TRAUTMANN, G. ALBER, AND G. LEUCHS

By using the above expression, we find that squeezing is
increasing the probability for absorbing the photon as long
as

r < In[[/(v2wr)]/2.

For the parameters of the experiment described in [7] (wr =
27 x 480 kHz, ' = 1.2 x 108 s~'), we obtain

r<1.7.

6.7)

For smaller trapping frequencies or higher decay rates, even
larger squeezing parameters r are still beneficial. Hence, for
typical experimental parameters a significant increase of the
excitation probability can be achieved.

Although our discussion has concentrated on a spherically
symmetric harmonic trapping potential, generalizations to
anisotropic cases are straightforward. They lead to different
degrees of squeezing in different directions.

VII. CONCLUSION

We have investigated the influence of the center-of-mass
motion of a trapped two-level system on resonant single-
photon absorption. In particular, we have concentrated on
single-photon excitation by an optimal photon wave packet
which is capable of exciting a two-level system at a fixed
position almost perfectly.

It has been demonstrated that the achievable excitation
probability depends crucially on the ratio between the time
scales of spontaneous photon emission and absorption on the

PHYSICAL REVIEW A 94, 033832 (2016)

one hand and of the center-of-mass motion in the trap on
the other hand. If single-photon absorption and emission takes
place on a time scale long in comparison with the characteristic
time scale of the center-of-mass motion in the trap, it is the
time-averaged center-of-mass motion which determines and
limits the achievable single-photon excitation probability. In
the opposite limit of fast spontaneous photon emission and
absorption, it is the spatial width of the center-of-mass wave
packet at the absorption time which limits the achievable
single-photon excitation probability. This latter dependence
can be exploited for increasing the achievable excitation
probabilities significantly by squeezing the spatial width of
the center-of-mass wave packet. By modulating the harmonic
trapping frequency appropriately, such a significant squeezing
at particular times during the periodic center-of-mass motion
can be achieved. This way, the single-photon wave packets
considered can achieve highly efficient excitation of a two-
level system in free space even if the center-of-mass motion is
only weakly confined and prepared in a thermal state initially.
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