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Spontaneous emission of an atom in front of a mirror
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Motivated by a recent experimefi. Eschneet al,, Nature(London 413 495 (2001 ], we now present a
theoretical study on the fluorescence of an atom in front of a mirror. On the assumption that the presence of the
distant mirror and a lens imposes boundary conditions on the electric field in a plane close to the atom, we
derive the intensities of the emitted light as a function of an effective atom-mirror distance. The results
obtained are in good agreement with the experimental findings.
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[. INTRODUCTION dicted and good quantitative agreement with the
experimental finding$16,17] is achieved. An earlier experi-
One of the fundamental subjects in quantum optics is dement by Drexhagg19] in 1974 observed the fluorescence
scribing the fluorescence from single atom sources. Differenfom molecules deposited on mirrors.
scenarios have been considered, the simplest one referring to In experlment[lﬁ], the atom is driven by two detuned
an atom in free spadd]. The fluorescence of an atom can be laser fields and emits photons along two transitions that com-
altered for example by the presence of other atoms inducinﬁ
dipole-dipole interaction$2], by the presence of a mirror
[3-6] or by the single mode of the electromagnetic field
inside a cavity[7,8]. To investigate experimentally these
phenomena ion trapping technology has been employed ang,,naneously emitted photons from the two transitices
good agreement with theoretical predictions has been foun ig. 2. One detector is only sensitive to photons with fre-
Theoretical models have been developed starting from th uencyws,; and the measured intensity shows a strong sinu-
Hamiltonian that describes the atom, the free radiation fieldggigal dependence on the atom-mirror distanegth maxi-
and their interaction. To predict the time evolution of anmum visibility of 72%. The other detector, measuring the
ensemble of atoms, master equations can be derived by traghotons with frequencys,, which arenot affected by the
ing over all possible photon states. Alternatively, it can bemirror, sees an intensity that depends only weaklyr amd
assumed that the environment performs continuous measuras a visibility of about 1%. The maxima of the two light
ments on the free radiation field. This leads to a quantunintensities are shifted with respect to each other.
trajectory descriptioi9] which is especially appropriate for  Here it is assumed that the lens placed between the atom
analyzing experiments with single atoms. Examples are exand the mirror in experimerfiil6] projects the boundary con-
periments measuring the statistics of macroscopic light anditions imposed by the mirror on the free radiation field onto
dark periods[10,11] and the spectrum of the light from a a plane close to the atom. As the atom was located near the
three-level atom with a metastable stfi®,13. A quantum  focus point of the lens, the experiment can be described by
jump approach was also applied to calculate the spatial inthe setup in Fig. 2 with an effective atom-mirror distance of
terference pattern of the photons spontaneously emitted bye order of the wavelengths,. The aim of this paper is to
two atoms[14] which was observed experimentally by Eich- explain the experiment with a quantum-mechanical ap-

rise aA system(see Fig. 1 In the following, the Rabi
equency and the detuning of the laser field driving thie 3-
transition (=1,2) are denoted b§); andA;, respectively,
while I'; andT", are the free-space spontaneous decay rates
of the upper level. Detectors measure the intensities of the

mannet al. [15]. proach.
Recently, an experiment was conducted by Esclenaid.
[16,17] to measure the fluorescence of a single three-level 3

barium ion kept at a fixed distance from a mirror. Qualitative
explanations were given for most of the effects observed. A
recent theoretical study by Dorner and Zoll&8] provides a
detailed description of the experimental setup considering a
two-level atom and a one-dimensional model of the free ra-
diation field. Special attention is paid to a regime of large
atom-mirror distances where intrinsic memory effects cannot
be neglected anymore. In contrast to this we present here an
alternative study with a full three-dimensional treatment of
the free radiation field where delay time effects are consid-
ered negligible. Nevertheless, the same qualitative effects re-
sulting from the presence of the mirror as[it8] are pre- FIG. 1. Atomic level scheme. Two lasers with Rabi frequencies

Q, andQ, and detuningg; andA, drive the two transitions in the

A system. The free-space spontaneous decay rates of the upper level
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for all frequencies that see the mirror. This classical con-
La““”l straint gives at the quantum level a modification on the elec-
tric field observable restricting the expectation value of its
. parallel component to zero on the surface of the mif2ex.
—-— T > Consider the case where due to the mirror the radiation from

ws2 detector ws1 detector the 3-1 transition gets reflected and hence satisfies the con-

straint(3), while the mirror is transparent for photons from
the 3-2 transition. To take this into account a cut-off fre-

FIG. 2. Experimental setup of an atom placed at a fixed distanc8UENCY w, is introduced that lies between the typical fre-

Mirror

r from a mirror and emitting photons with frequencies, andws,. ~ dUeNCiesns; andws, of the A system. The mirror is assumed
The mirror is only sensitive to photons with frequenay;, and two ~ t0 be transparent for all frequencies belayy, and perfectly
detectors measure light intensities. reflective for frequencies above it. As it is seen later the

results derived in this section are independent of the exact
The paper is organized as follows. Section Il presents yalue of the chosen cut-off frequency. At an arbitrary posi-

quantum jump description of an atom in front of a mirror. tion x=(x,y,z) in the right half space of the mirrgsee Fig.
The spatial-dependent decay rates and level shifts of thd) and with k=Kkk;+kX the electric field observable can
atom are calculated and master equations are derived to firfden be written a$4]
the steady state of the laser-driven atom. These are the ingre- o
dients necessary to calculate the intensities of the emitted E(x) =] 2 (ﬂ) €. a,. ek
photons. In Sec. Il we apply our results to the experiment by Khilrt o | 28QV]  RAEKA
Eschneret al, while Sec. IV shows that many aspects of the o
experiment can also be predicted by means of a mirror-atom L (_)
model resulting from a comparison of the setup with a clas- Kooy \ 0V
sical analog. For example, the effect of the mirror, modifying
the overall decay rate of the upper atomic level and introduc-
ing anr-dependent level shift, can be understoodsabra-
diance between the atom and its mirror image. Finally, an
overview of the paper is presented in Sec. V. )

i(xx ky)sink,xay,

ekt H.c,,

1 R
+ K (kX cosk,x—ikyk; sink,x)ay.

wherea,; anday, are the annihilation operators for photons
Il. QUANTUM-MECHANICAL DESCRIPTION with polarization e =%xKk, and €,= (kX—k¢k)/k, re-
gspectively, and wave vectdr.

In this section the atom in front of the mirror is describe .
From Egs.(2) and (4) the effect of the mirror on the

by the quantum jump approa¢8]. The latter consists of two _ -
main parts; on the one hand, it gives the time evolution of thétomic fluorescence can be calculated. Assume that the initial
atom when no photons are emitted, and on the other, it givediate of the atom is known and equaiy while the free

the spatial distribution of the emitted photons depending oriadiation field is in the vacuum staf@py). This is an al-
the particular state of the atom at the time of the emission®Wed physical state that develops according to the Hamil-

Let us see how this can be obtained from the Sdimger tpnian (1) fqr a certain timeAt. !f level 3 is pqpulated, this

equation. The corresponding Hamiltonian is of the form ~ time evolution leads to population of all possible one-photon
stateq 9]. Consider now a detector placed in a certain direc-

H=H som* Hfield™ Hiaser Hint - ) tion k away from the atom that measures single photons

resulting from the 3-transition[14]. To determine the state

The first three terms are the interaction-free Hamiltonian oPf the system in case of a click at this detector one has to

the atom, the free radiation field, and the classical laser field®Pply either the projector

while the last term

( . R
Py = 1 Leinl, 5
H;.=eD-E(r) ) K k)\:a%wm| ki Lical 5

describes the interaction of the atom with the quantized eledf j=1, or the projector

tric field in the dipole approximation. Her® is the atom

dipole operatoiD= D3;|3)(1|+ D3y 3)(2|+H.c. andE(r) is = 3
the observable of the free radiation field at the positiasf K knvar<on
the atom modified by the presence of the mirror. Choosing

the coordinate system such that the mirror surface correif j=2. When a click is registered at a detector, the photon is
sponds to th&=0 plane leads to the classical constraint that,absorbed and the free radiation field changes to its ground
at x=0, the component of the electric field parallel to the state|0,).

| L) (Liieal (6)

mirror surface has to vanish, i.e., The probability density for a click can be obtained from
the norm of the unnormalized state of the system after an
E,(x:x=0)=0, €©)] emission and equals
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. 1 . _
1 ()= lim —|PY U (AL,0)[ 00 )] 7) Rip)= > T;1i)X3lpl3)l, (13)
A'[HOAt j=12

If the coupling constants of the atom to the free radiatiorwherel'; andT', are the modified overall decay rates. They
field are introduced as are obtained by integratirigi’)(zp) over all directions, which

gives by definitionﬁ- Ps(#). This leads for the dipole mo-

(L _ 12
Gl =~ €l @/ &ohV) Dy €. mentDg; oriented parallel to the mirror, as [A], to

0y =ie(w/2e0hV) YDy € — 3 (sin 2kar  €OS Kgr  sin 2kgyr ) }

F]_:rl 1_ = + 2 3
2\ 2kgr 2Kaqr 2Kaqr
and the dipole momerids; is taken for convenienc1] to 3t (2kaar)™  (Zkail) (14)
be parallel to the mirror surface, the interaction Hamiltonian

can, with respect to the interaction-free Hamiltonian andandr,=T,. As expected, the decay rdfg is altered by the

within the rotating-wave approximation, be written as mirror and Eq.(14) is in perfect agreement with the general
case presented {i6].
HL =7 (2)5 @ik Tgilwzg 0t 3)(2 To derive the conditional HamiltoniaH .,y we proceed
nt k)\:a%wm SUN 13)2] as above and assume that the effect of the environment and
the detectors is the same as the effect of continuous measure-
+4 2 g(kil}.\)ak}\eik”-rei(w31—wk)t|3><1lsiner ments on the fre_e radiation fie_[9,14]. In case no photon is
K\ o= o found after the time\t, the projector onto the field vacuum
|0, (Opr has to be applied to the state of the system. Thus
+H.c. ©  we obtain

Using first-order perturbation theory and the approximations |0pn{Opr| U(AL,0)|0prd | ¢4y =[0pp) U cond At,0)| ).
usually applied in quantum optics, E() leads to (15)

1) 3r; s A ) Using second-order perturbation theory and the same ap-
()= E(1—|D31' kI>)Pa(¢)sifkanr (100 proximations as above, the no-photon time evolution is sum-
marized within the HamiltoniarH..,q, wWhich is, in the

for the photons that are affected by the mirror and Schralinger picture, given by
3r A _ 1 i((wa—w — AR
2 2 = . 3
12 (=52 (1= By KDPs(9) (1) Hoond )= 25 3h0Quel(s " 51 )(3] + Hue.
R

otherwise. Herd’; is the spontaneous-emission rate of the +AAB)N(3 2 (I +T2)[3)(3], (16)
atom in free space through thej thannel, whileP5(y) where
=|(3|4)|? denotes the initial population in the excited state.
This shows that the emission intensity of the 3-1 transition 3T, (COS Kgyr  Sin2Kagr  COS Kayl
strongly depends on the atom-mirror distance through its A=T Phar (2ken)2 (2kar)? a7
proportionality to the factor sfrks;,r, while 1{2(¢) is not a it st 3t
function ofr. is, in agreement with6], the level shift of the excited atomic

It has hitherto been assumed that the atomic $ites  gtate|3) resulting from the modification of the free radiation
always the same by the time of an emission. This is not thgg|q due to the presence of the mirror.

case for the experimental setup in Fig. 2, in which the atom From Egs.(12), (13), and (16) and the conditiorp*=0

is continuously driven by a laser field. To apply our results to, ; ) . .
this situation, the atom has to be described by the stead the expression for the steady-state population of the excited

d o = S
state matrixp®® and P3(#) has to be replaced bi(p>d %tate,P3(p ), Is obtained:
=(3|p®Y3). To calculate the stationary state master equa-, , ss_ & _ x \2/ T LT \(12(2 2. 22
tions are employed. They are in general of the form Pa(p™)=4(A1= 82) (I T2) 210X{[(21+ Q)

+8(A;— KZ)ZFIFZ](FJ)?—FZQ%)

i
p=—2[Heon?— PHiond + R(p). (12) — T E 2T
P Foond ™ PHeond TRLP (8, 3y T, TH(T,05+T503)

Here Honq is the non-Hermitian Hamiltonian that describes +4(A—A)YT302+2(T1+T,) 0202+ T302]

the time evolution of the atom under the condition of no ==,

photon emission, whileR(p) gives its unnormalized state —8(A1—A5)(AI1 Q35— A50'507)

after an emission. For the atom in front of a mirr®{p) is - _ _ -

given by +16(A1-A)%(AIT, 03+ AST,0D} Y, (19)
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Lens Mirror
cTo - — - " image
~a - . \VF I
R f T i

FIG. 3. The mirror and its image due to the presence of the lens.
Here R is the distance of the mirror from the lerfsthe distance
from the lens to the focus poit, while x is the distance of from
the mirror image.

_ 376 | .
where the notatiom\;=A;—A has been introduced. This

result shows that the stationary state of the atom is indeed (b)
affected by the presence of the mirror because of its depen- 374 | .
dence on the decay ralg and the level shifi\. Hence, both
intensitiesl(ﬁl)(psﬂ and If;z)(psﬁ show spatial modulations
originating from the boundary condition applied on the elec-

tric field observableE. ) 1 ) ) )
26 28 30 32 34

ka1r

Ill. COMPARISON WITH EXPERIMENTAL RESULTS

. .. 1 2
In the experiment by Eschnet al. [16], a lens was em- _ FIG- 4. The "?tens'“e*(n} ).(953 @ andi”(p™) (b) as a func-
ployed to enhance the effect of the mirror in the neighboro" of the effective atom-mirror distance fdr; =2 MHz, A,=0,
hood of the atom which was placed near the focus ppint 1=10MHz, Q;=5MHz, T';=15.1MHz, andl’,=5.4 MHz.
The lens creates an image of the mirror near the atom, effec-"¢ vertical axis is given in units of 16 MHz for both plots.

tively changing the atom-mirror distance. With the same N0yt magnitude of the intensities presented in Fig. 4, assuming

tation as in Fig. 3 and classical optics considerations, it i§~5)\31’ is in agreement with the experimental findirgee
seen that the distance between the mirror image Famnix Fig. 3 in[16]).

= f2/R. Considering the distances used in the experiment, " addition, Fig. 4 shows that the two intensities can be
where f=12.5 mm andR=25 cm, we obtaix=625um.  anticorrelated, having a phase difference closertcThis
Since the atom is located close foit is also located very effect is due to their difference in nature and can vary for

near the milror im_ag:a. Alterr:jatlivelr?/, 0”‘; might consider thegifferent values of the; and A; parameters. The origin of
geometrically equivalent model where the atom is projecte i . . (1), g .

by the lens into the neighborhood of the mirror with an ef-cEhe pattern in Fig. @) is the sirf ks .factorsml.k _(p 3’, while
fective distancer from it which can be made to be of the the dependence of the populatidPs(p®) is in this case
order of the wavelengths,= 493 nm[22]. insignificant. In contrast, the pattern shown in Figb)dis

2 .
Boundary condition(3) also applies to the mirror image. only due to theP;(p*) dependence Olf(,; (). Its spatial

In particular, the configuration of the electromagnetic field inconfiguration is dictated by, , which includes the dominant
the neighborhood close to the mirror surface is mapped Ofsrm sin Xs,r, and byA, which includes the dominant term
the neighborhood around the atom. For suitable positions Gfos %,,r. Hence, the first plot is a consequence of the modi-
the atom near the mirror image and on the mirror-lens axisfication of the electromagnetic field observable in the neigh-
the electromagnetic field observable in its surrounding isorhood of the atom, while the second plot is a consequence
faithfully given by Eq.(4). Note that this consideration is of the modification of the spontaneous-emission I_é;eand

also effective even when the S.Olid angle W.ith which the oMy evel shiftA of the excited atomic level. From this we
sees the lens is only 4% as in the experimental sp16p I(%an deduce that the anticorrelation of the intensities takes

Hence, the theoretlpal mgt;iel con5|dgred In Sec. .” shou lace only for certain values of the Rabi frequencies and
give the measured intensities assuming that the dipole m Jetunings

ment of the atom was oriented parallel to the mirror surface. It is instructive to have a closer look at the modulation of

. . ) [6)
Figure 4 shows the intensitie§”(p®) and1£(p) as a P3(p%) as a function of the Rabi frequencies and laser de-
function ofr where the relevant parameters have been taketunings. For example, for detunings andA, much smaller

from [16]. As expected, the photons which see the mirrorthan the Rabi frequencies of the driving laser fields relation
show a very strong sinusoidaldependence. If the effective (18) simplifies to
atom-mirror distance is of the order of the wavelengtty,,

then the intensity measured by a detector behind the mirror 0305 r,+r,
also shows am dependence. Nevertheless, this dependence  P3(p®)=~4(A;—Ap)*———— — = - (19
is much weaker and vanishes for langeThe relative order (Q1+02)° T,105+ 1,07
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FIG. 5. Steady-state population of the excited stRigp®), as FIG. 6. Steady-state population of the excited stBtgp®9, as

a function of the Rabi frequend®; (in MHz) and the atom-mirror  a function of the detuning\; (in MHz) and the atom-mirror dis-
distancer for A;=0, A,=0.1 MHz, andQ,=10 MHz. For Q, tancer for A,=0, Q;=1 MHz, andQ,=10 MHz.
=(), the spatial modulations disappe@ee dotted line The =

phase change is apparent above and below this value. S —
ry+r,

Pa(p™) = = 0203—— —, (20
The second factor gives the main modulation of the intensity 4 KEFlﬂEJrK%FzQ"{

with respect to the Rabi frequencies, while the third factor

gives the distance-dependent oscillations observed in Figvhich gives an indication of the main terms that contribute
4(b). The latter modulation may change phasebyf the 0 the continuous phase change of thdependent oscilla-
ratio Q; /0, changes from smaller than one to larger thantions when one of the detunings is varying. Summarizing
one, as can be predicted by E@9) and Fig. 5. In particular, this, by scanning different Rabi frequencies and detunings it
if 0,=0Q, then the modulations with vanish. On the other should be possible to observe the variations in the amplitude
hand, the maximum amplitude of the fringes appears for 122 the population of level 3 as well as the discretehange

. . . 2), s i or continuous change in the phase of the spatial modulations.
ser intensities for which alslqg( (p>) becomes maximal. For | this way one could further verify our description of the
A;=A,, the populationP;(p®>) vanishes as a dark state is experimental setupl6.

generated between the levels 1 and 2. Trapping of the popu-
lation to a single ground state also occurs when one of the IV. THE MIRROR-ATOM MODEL
Rabi frequencies becomes much larger than the other. - o _ _
Taking into account that experimentally a maximum vis-  Describing the setup in Fig. 2 in a classical manner, one
ibility of 72% has been found for(lzl)(pSS), one can predict 3SSUMES that t.he. atom is a pomtllk_e source with dipole c;har—

. L , . . acteristics. As it is classically possible to replace the mirror
the reduction of the visibility for increasing Rabi frequen- by a mirror-source at the distance,2it could be assumed
cies from Fig. 5. In Eschneet al. it was argued that the ¢ the radiation properties of the atom can be predicted by
reduction of the maximum V|s.|b|I|ty from gmty is mfsunly due. replacing the mirror in the quantum setup by a mirror atom.
to the thermal motion of the ion, nonoptimal cooling condi- |ngeed, both descriptions lead to the same dependence of the
tions, fluctuations of the atom-mirror distance, and imperfec{ight intensity on the source-mirror distance as found for
mapping of the mirror neighborhood to the neighborhood of Ql)(lﬁ) in Eq. (10). The mirror-atom modél4] can even be
the atom by the lens. In addition, it was observed that theX

. ) Used to predict further aspects of experimgbé]. If the
?/'S'b'"tty W?S gre?]'giar.ttharé 500{;’ tforbRIabl irgguerr\]c@%hbe;q b.atom is initially prepared in the excited sta®) one has
ow saturation, whle 1 reduced 1o below 970 When theé Rablp )y — 1 and Eq.(14) gives the probability density for a

f_requen_cy_mcreas_ed to threefold saturation. Indeed, from ﬁhoton emission. The quantum theory of dipole-interacting
figure similar to F'g' 5, but fOQ?Nl MHz, we see that at atoms is well known and a comparison wjij reveals that
threefold saturation the population of Ievellg% and hence th%q_ (14) coincides exactly with the decay rate of two dipole-
amplitude of the oscillations of the intensilt& (p®) reduce interacting atoms prepared in the antisymmetric Dicke state
by about 30 times from their value at the saturation pointof two two-level atoms at a distance.2in addition, the level
This can explain th€);-dependent reduction of the visibility shift of |3) given in Eq.(17) equals the level shift of the
observed experimentally. antisymmetric state resulting from the dipole-dipole interac-
In Fig. 6 we see the continuous phase change of thé&on.

maxima of the populatiof®;(p%9) when the detuning\; is Nevertheless, the mirror-atom model can no longer be
varying. In particular, if we take the detunings much largerused when the state of the atom by the time of the emission
than the Rabi frequencies and decay rates, we obtain has no simple classical analog. It is not possible to take into
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account the driving of the two atomic transitions by a laserror have been predicted, i.e., a sinusoidal dependence of the
field. Dipole-interacting atoms have a richer structure of in-spontaneous decay rate and the level shift of the upper
ternal states and hence they cannot give completely equivatomic level on the atom-mirror distance. In contrast to the

lent results with the atom-mirror system. results presented here those modifications are persisting for
large distances due to the one-dimensional character of their
V. CONCLUSIONS model making it difficult to derive quantitative predictions

comparable to the experimental findings.

This paper presents a full quantum-mechanical study of |5 this paper it was assumed that the lens projects the
the fluorescence of an atom in front of a mirror, based on thenjrror surface close to the atom so that the atom-mirror dis-
assumption that the mirror imposes boundary conditions Ofance effectively becomes of similar size as the relevant
the electric field observable. In this way, the presence of th@vavelength. For the simplified setup, including only the
mirror affects the interaction of the atom with the free radia-atom and the mirror, a full three-dimensional description was
tion field. This leads to a sinusoidal dependence of the intenyjyen. Good qualitative and quantitative agreement was
sities of the emitted light on the atom-mirror distancén  found with respect to different aspects of the experiment.
addition, the overall decay rate of the atom becomes a funqe|ay-time effects were neglected assuming that the relevant
tion of r and anr-dependent level shift is inducedifis of  time scale for the projection of the mirror to the other side of
comparable size to the wavelength of the emitted photons, ae |ens is in the experiment with about 1.7 [1$] suffi-
effect which can be interpreted in termssfbradiancedue  ciently smaller than the time scale on which the detector
to dipole-dipole interaction between the atom and its mirrorerforms measurements on the free radiation field. This time
Image. scale has been denotéd in Sec. Il and is restricted from

_In the actual experiment by Eschredral.[16], the 25-cm  gh0ve only by the inverse decay rate of the relevant atomic
distance between the atom and the mirror was much larg&fansition[9] which equals I7,=416 ns.

than the wavelength of the emitted photons and a lens was

placed near the atom to enhance the effect of the mirror.

Motivated by this, a recent paper by Dorner and ZoflEg] ACKNOWLEDGMENTS

took into account time-of-flight effects using a one-

dimensional description of the free radiation field. Atom- We would like to thank U. Dorner and B.-G. Englert for
mirror distances much larger than an optical wavelengthnteresting and helpful discussions. This work was supported
were considered and delay differential equations were deby the European Union through No. IST-1999-13021-Project
rived. Similar effects resulting from the presence of the mir-QUBITS.
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