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Possibility of single-atom detection on a chip
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We investigate the optical detection of single atoms held in a microscopic atom trap close to a surface. Laser
light is guided by optical fibers or optical microstructures via the atom to a photodetector. Our results suggest
that with present-day technology microcavities can be built around the atom with sufficiently high finesse to
permit unambiguous detection of a single atom in the trap with$®f integration. We compare resonant and
nonresonant detection schemes and discuss the requirements for detecting an atom without causing it to
undergo spontaneous emission.
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I. INTRODUCTION ity while moving in an atom guide. In Sec. VI we discuss
some practical aspects of making optical cavities and
The subject of matter wave optics is advancing rapidly,waveguides on an atom chip, and our conclusions are given
driven both by the fundamental interest in quantum system# Sec. VII. Details of the particular model cavity used in our
and by the prospect of new instruments based on the qua@nalysis can be found in the Appendix.
tum manipulation of neutral atoms. The recent miniaturiza-
tion of atom traps above microfabricated surfatg®] has Il. GENERIC MODEL
opened the possibility of using neutral atoms to perform
quantum information processin@IP) on a chip. This tech- oupled to the coherent light field in a microscopic cavity.

nol i ractiv i rsr n I . . ; .
ology is attractive because it appears robust and scalab e picture is essentially one already used to describe ex-

and because trapped neutral atoms can have long coherence ; . . :
times. periments in the strong coupling regime of cavity quantum

Experiments have shown that it is possible to trap, guideelectrodynamms(QED) [5-7]; however, we are interested

and manipulate cold, neutral atoms in miniaturized magnetiger(.e.In a d_n‘ferent region of parameter space. Because the
traps above a substrate using either microscopic patterns §§\_vltles of Interest are small, with mirrors of limited rgflec-
permanent magnetization in a film or microfabricated wire Ivity, the cavity decay rates are mary orders of magnitude
structures carrying current or charge. These atom chips ¢ fﬁ\ster than those of ”."? best optical resonators. On the other
create potentials where atoms are confined strongly enou%and’ these short cavities can support stable_mod_es that have
to consider implementing quantum logic gate schef8gdn xtremely small_ waist _5|ze~(1 pum), rg;ultlng in very

the last year, several groups have been able to load atom chip o9 atom-cavity coupling. In such cavities, even a small

microtraps with Bose-Einstein condensaBEC) [4], which oton number can be sufficient to saturate the atomic tran-
! nstition, so we need to take nonlinear effects into account. The

elements of the atomic density operagosatisfy the optical
Bloch equations

In this section we develop a model for a two-level atom

step for QIP is the detection of individual atoms on a chip
with a signal-to-noise ratio better than unity in, say, A46.
Here we propose that this can be achieved using very
small optical cavities microfabricated on the chip. The pres- —por=(—T—iAy) port+ga* (poo— P11, (1)
ence of a single atom in the small waist of the cavity pro- dt
duces a sufficient response in the light field to be detected g
either by the absorption or by the phase shift of the light. _ *
Section Il presents a generic mathematical model of atom aiPu= ~2Tput (@ piot apoy). @
detection in a cavity. The model is used to discuss resonant
and off-resonant detection in Secs. Il and IV. We extend thatHere, A" is the decay rate of the excited atomic statg,is
discussion in Sec. V to consider optical forces exerted on théhe detuning of the driving laser from the atomic resonance,
atom by the detecting light itself. This section includes aandg is the single-photon Rabi frequency at the position of
numerical simulation of an atom crossing the detecting cavthe atom. For simplicity we will assume in the following that
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the atom is at an intensity maximum of the light. The light =c/(4Lk) is the average number of round trips of a cavity
field in the cavity is treated classically, i.e., a coherent state iphoton before its decayProvided the reflectivity of the mir-
assumed at all times. The coherent state ampliudibeys rors is close to 1, the finesse of the cavity is justry; .)
the equation of motion This agrees with the naive expectation that the effect of the
atom should depend on the fraction of the light within its
cross section and should increase linearly with the number of
times each photon passes the atom. Note, however, that Eq.
) o (8) is restricted to beam waist sizésthat are more than a
Here A denotes the detuning of the driving laser from thefe times the cross sectian,, because it holds only within
cavity resonance. The decay rate of the cavity fieldkis the dipole and paraxial approximatiof&9]. Let us empha-
=kKk7tKioss, Made up ofxy due to photons that pass sjze some important scaling properties of this quantity in the
through the cavity mirrors anaoss due to photons that following.
leave the cavity by other processes. The teyiis the cavity (i) If the cavity decay rate is dominated by losses at a
pumping rate, related to the pumping laser power ®y fixed number of material interfaces, then the number of
=VjinkT, Wherej;, is the rate of photons incident on the round tripsn,; is independent of the cavity length. It follows
cavity. from Eq.(8) that, if the atom is at the center of the cavity and
The stationary solutions for the light amplitude in the cav-the waist ared is held constant, theg?/(T"«) is also inde-
ity and for the population of the atomic excited state are  pendent of the cavity length. In this case, if one rescales the
cavity length by a numerical factay, L—qL, and the de-
a= ’7 (4) tuning byA.— A./q but keeps the pump laser power akg
(k+y)=i(Ac—U)’ constant, then the detector signal-to-noise rémdiscussed
in the following sectionsand the back action on the atom
g°N during the measurement will remain unchanged.
P11:Mv (5) (i) Equation (8) suggests that, within the paraxial ap-
a proximation, the beam cross section at the atomic position
where should be as small as possible to increase the coupling of the
atom to the light. However, the beam divergence increases as
gl the waist is made smaller, increasing the diffractive losses
Y= 2 2 A (6)  and other nonparaxial imperfections and reduging Con-
Ag+I+2g°N sequently, the optimum value féx depends on the specific
details of the cavity and its losses.
_ 9%A, A few more comments on the model introduced above
B A24T242g2N’ @) may be in order. First, we assume that the atom is well lo-
calized and also atomic motion is treated classically in Sec.
andN=|a|? is the mean intracavity photon number. WhenV. Our model is therefore not valid for the description of
the quantity 2)°N is small(large) compared witi'?, we say  Ultracold atoms, e.g., in a BEC. Second, the model describes
that the atomic saturation is loghigh). Note that Eq.(4)  the interaction of a single isolated atom with the cavity field.
defines the stationary field amplitude only implicitly becauselt would be straightforward to generalize the optical Bloch
v andU depend om\. Hence this equation normally has to €guations to two or more atoms and to derive the corre-
be solved numerically. sponding stationary solutiofil0]. However, because of the
The presence of the atom is detected through its effect ofmall size of the interaction region we are considering here,
the field amplituder. This is partly due to the spontaneous these atoms would necessarily be close to each other and
scattering, which addy to the cavity damping rate in Eq. @additional atom-atom interaction terms would have to be in-
(4), and partly to the coherent scattering, which addd to ~ cluded in the model. Therefore, our work cannot provide
the cavity detuning. With the atom at resonance and unsatufiuantitative results for the many-atom case. _
ated, the additional damping @&/T" and the ratio of this to In the following two sections we will discuss two possible
the intrinsic cavity damping ig?%(I'«), the cooperativity ~Ways to detect the presence of an atom by measuring the
parameter of laser theory. This parameter is fundamental t8UtPut light beam. The first is to measure a dip in the output
the description of the atom-cavity interaction. When it isNtensity using pump light that is resonant with the atom. The
much smaller(largep than unity, we describe the atom- S€cond is to measure the phase shift of the output light using

cavity coupling as weakstrong. For a cavity of lengtiL, it @0 off-resonant pump. The more general case, in which an
can be expressed as atom changes both the amplitudedthe phase of the output

beam, can be qualitatively understood by considering these
two extremes.

d
§a=(iAc— K)a+gpiot 7. ©)

2
g g
T 2a ®

. L . IIl. RESONANT ATOM DETECTION
where o,=3\?/(27) is the resonant atomic interaction
cross section for light of wavelength A is the cross section Let us compare the number of resonant photons transmit-

of the cavity mode at the position of the atom, and  ted in a timer through the output mirror to a detector, with
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and without an atom in the cavity. For a given intra-cavity = 2% 40
photon numbeN in a symmetric cavity, the number of pho- o
tons arriving at the detector iN,,;=N«r7. (This can be

enhanced to R« if the input mirror has much higher re- 2 100
flectivity than the output mirror.We are thus interested in
the differenceN,,o— Noyut WhereNg o is the output of the

150]

empty cavity. This signal mu;t be compan_ad to the quantum 0 O 0 30 300 W0
noise of the measurement, i.e., to the W|dﬂ*alOut of the j,, (Photons/ys) ji, (photons/js)

Poissonian photon number distribution of a coherent state 200
The signal-to-noise ratio of this measurement scheme is o PECTE o
therefore 1500/ !

s 100} | 2
Nout,o_ Nout {
5= 22 o0 (9) wi/
\/Nout i //’ 0

0 100 200 300 400
jin (photons/ps)

We will be interested in the regimé, ;o> 1. With the cav-

ity and the atom both at resonance, the atomic transition
saturates at very low intracavity photon number making the F|G. 1. Resonant detection of a single Rb atom vgth 27
difference signal weak, so it seems natural to consider using 12 MHz, I'=27X3 MHz, kjyss=27X6 MHz, 7=10 us. (a)
off-resonant excitation at higher intensity. However, it can beNumberN,, of photons transmitted through the cavity witipper
shown thatS as defined in Eq(9) for a direct measurement curveg and without (lower curve$ atom for k;=2mx3 MHz.
of the cavity output intensity, is maximum for resonant Dashed lines correspond to shot nolég,= Ny (b) Signal-to-
pumping and we will therefore pursue the idea of uslyg noise ratioSfor «1/(27) =1 MHz (dasheg, 3 MHz (solid), and 10
=A,=0 in the following. Sensitive detection with detuning MHz (dash-dotted (c) NumberM of photons emitted spontane-

requires a more sophisticated homodyne technique, whichusly by the atom during the measuremfparameters as itb)].
we discuss in Sec. IV. Insets of (b) and (c): S(M) for a better cavity withkoss= k7

With A,.=A,=0, analytical solutions of EqQ9) can be =27X0.59 MHz. The parameters are justified by calculations per-
found for some limiting cases. In the limit of low atomic formed in the Appendix for an experimentally feasible cavity.
saturation, where @N<TI"?, we find

) in the cavity. With an empty cavity, the output is proportional
g°| <1 10 to the pump power for all parameters. With an atom in the
>1. (10 cavity this scaling also holds as long as the atomic saturation
is small. For the parameters chosen here the atom-light cou-
Hence the signal-to-noise ratio at low saturation increasepling is strong, i.e.g?>>«I", and thus the atom significantly
with the square root of the incident laser power and integrareduces the intracavity photon number as long as it is not
tion time, but linearly with the number of photon round trips saturated. For strong atomic saturation we find tRaf;o
in the cavity. Losses also degrade the sensitivity through thend N, differ by a constant value, in accordance with the
factor 1/ . In the opposite limit of strong saturation, where second term of Eq(11). In Fig. 1(b) we plot the signal-to-

2
1

for T

2
N el L
S=\lin7 kI x

29°N>T"2, Eq.(4) yields noise ratioSversus pumping for three different valuessaf.
In each caseS increases with(j;, for weak fields and then
7 T decreases in stronger fields in accordance with Ed}.and
N= F K (11 (12). The optimum sensitivity, observed close to atomic satu-
which gives 200
150
.
S=r \/m. (12 s 100
Thus the signal-to-noise ratio decreases with the square roc """"""""""""""""" - 30 )
of the intensity when the transition is saturated. This is be- 00’ W o T30
cause the noise due to fluctuationa\if,; approaches/ji,, . Photons/s) i, Photonsfas)

whereas the number of photons scattered by the atom is lim-
ited toI' 7. This result is independent of all the cavity param- G, 2. (a) Signal-to-noise ratic and (b) number of spontane-
eters. ously scattered photorid versus input photon flux. Parameters as

In Figs. 1 and 2 we show some numerical results based O Fig. 1 but with increased loss rateg,ss/(277) = 14 MHz (solid
resonant pumping of the simple cavity described in the Apiine), 22 MHz (dotted, 38 MHz (dashed 86 MHz (dash-dottel
pendix. Figure (a) shows the output photon number as aAgain r=10 us. For each curvext=x,sJ2 t0 get optimum
function of the pump power, both with and without an atomsignal-to-noise ratios.
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ration (2Ng?~TI"?), is obtained at a different pump power on other. One guides laser light to the atom trapped above the
each curve. There is also an optimum value for the mirroichip, while the second receives scattered photons and con-
transmission. We found numerically that this occurskat  veys them to a photodetector. The second guide collects only
~ K|osd2 With strong coupling ane~ k.. With weak cou- a small fraction of the scattered light since its end subtends a
pling. For the parameters given, a single atom can be desmall solid angle at the atom. For example, a guide with a
tected with signal-to-noise ratios of up to 35. 10 um core mounted 1@&m away from the atom collects
Figure Xc) showsM=2I"1p,;, the number of photons ~5% of the total scattered photons. Hence an atom scatters
spontaneously scattered by the atom during the detectioat least 20 photons for every signal photon, and there is no
process. With the parameters used here, smallegives  possibility of measuring the atom without disturbing it
smallerM at a given pump power, but this depends on thestrongly.
value of kjoss @and is not always so. For examphe,o<1/x+
when k|,5s=0 and the coupling is weak. In the strongly IV. OFF-RESONANT DETECTION: HOMODYNE
saturated regime, all curves converge to the liMie=T 7. MEASUREMENT
This spontaneous scattering causes momentum diffusion of ) ) )
the atom and loss of atomic coherences. For the purpose of /N the previous section the cavity and the atom were
atom detection, this does not constitute a problem. HowevePUmped resonantly. We found in that case that atom detec-
if one had in mind to use the atom-cavity coupling for re- t|on_ without spontaneous scatterlng_ mv_olves a very small
versible, quantum logic operations it would be essential t¢-aVity output except when the coupling is very strong. One
have little or no spontaneous decay. One would then ap_r_mght therefore suspect that the detection §cheme_ could be
proach the regime of so-called interaction-free measuremeni@Proved by working with far off-resonant light, using the
[11-13. Atomic motion will be discussed in more detail in diSpersive interaction to produce an optical phase shift. In
Sec. V. In the weak saturation regime we can use(E@). to this section we investigate that idea. We continue to take

expressM as a function of the signal-to-noise ratio, Ac=0, but now assume a large atom-pump detuning
>1" so that the scattering rate is much less than the light

shift U [Egs. (6) and (7)]. In this situation the dominant
g?\<1 effect of the atom is to shift the resonance frequency of the
or _F) (13 cavity, thereby changing the phase of the cavity output but
kl'/>1. . . 7 .
not its amplitude. Equatiofd) can then be written as

K l(gzlkl")_1

M=S—x{ 2 f

K
T 2(g%«T) 3

Hence, with weak coupling and fixed signal-to-noise ratio, a~ 77 _7 1. gﬂew (14)
the number of spontaneously scattered photons is inversely k+iU  kl-i¢ «~ '

proportional to the number of round trips; . In the strong
coupling regime, on the other hanty) scales as D/ft.

where the phase shift

Therefore an increase of; by a factor of 10 would reduce U
the photon scattering by three orders of magnitude. Of b=—— (15)
course, the increase of; also reduces the number of pho- K

tons in the cavity output. When,,ss and «1 are reduced to
27x0.59 MHz andj;,=2 photonsis, we find Ny o=5
and M =0.47,S=93, as shown in the insets of Figs(bl
and 1c).

Figure 2 is similar to Fig. 1 but with four larger values of

K|oss @and with k1 set equal tok .42 in each case so as to . el . i
achieve optimum signal-to-noise ratio. The curvesSand in the tWO beam sp[ltter o_utput port_s is measured. .The guan
tum noise of the signal is determined by the noise of the

M as a function of the pump power are generally similar tostron local oscillator, the signal-to-noise ratio being given
Fig. 1, but in accordance with the lower cavity finesse, th 9 ' 9 99

maximum values of are reduced. These curves correspon

approximately to additional losses of 1%, 2%, 4%, and 10% INy— Ny |

per round trip of the cavity, as described in the Appendix. 1 2 5 N sing|~2./ =l

For the largest loss rate;,s<= 27X 86 MHz and the maxi- M UN; N, 2VNousing|=2Now: =~ (16)

mum value ofSis 3.75. At this point the number of scattered

photons isM =86, which amounts to a considerable distur-Because  of  the  condition |#|<1, Noy=Ngyuto

bance of the atom. For lower loss rates, on the other hands ji,7(k/«)?. In the limit of low atomic saturation, we find

large signal-to-noise ratios can be achieved with only a few

photon scattering events. — KT
The possibility of a large signal-to-noise ratio with few Shom:zm K

scattered photons makes this cavity-based detection method

more attractive than standard resonance fluorescence imagence, according to Eq@8), the signal-to-noise ratio in-

ing. Consider a simple resonance fluorescence setup wheteeases linearly witim,; . Note also thaB,,, is I'/A, times

two light guides are mounted on the chip at 90° to eachthe Sof Eq. (10) for resonant detection; with the same pump

is assumed to bel.

A balanced homodyne detection scheme can measure the
phase of the cavity outpytl4]. The cavity output field is
mixed with a strong local oscillator laser field on a 50-50
beam-splitter and the difference of the photon numidérs

(17)

g2
Ak’
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15 200 pump detuningA,. Indeed, the main advantage of the ho-
sl ® modyne detection scheme is that the signal consists of arbi-
10 T e trarily many photons compared to the few photons in the
w.g ’ = 100 2 cavity output for some parameter regimes of Figs. 1 and 2.
5[, e This facilitates the measurement of the photon current and
2 %0 o simultaneously reduces the effects of background radiation.
o 00"’ ; 0 2001 In Fig. 3(b) we depict the corresponding numbier of

spontaneously scattered photons. Againis found to be of

the same order of magnitude as for the resonant detection
FIG. 3. Off-resonant atom detection using a homodyne measureS-Cheme' This is bgce_lu_se the reduced atom-photon coupling

ment overr=10 us. (3 Signal-to-noise rati,, and(b) number " the far-detuned limit is compensate_d by the Igrger nymber

M of spontaneously scattered photons fep.s/(2m)=6 MHz of photons used to achieve a good signal-to-noise ratio. The

(solid line), 14 MHz (dotted, and 22 MHz(dashedl For each curve h€ating of atomic motion and loss of atom coherence due to
K1=Kigsss A,=500, other parameters as in Fig. 1. Inseks;c,  PhOton scattering are therefore similar in both the resonant

= k1=27X0.59 MHz, A, =200 . and the off-resonant detection schemes. It follows from Eq.
(19) that a large ratio of?/(«I') is needed to mak&,,m
strength the off-resona®,,, is much smaller than the reso- >1 and M<1. With k|oss= k7=27X0.59 MHz andA,

nantS For strong atomic saturation, on the other hand, we= 200", for example, a pump current of 50 photqus/gives
obtain Nouto=125 andM =0.49, S;,,,=4.3 as shown in the insets

of Fig. 3.
_ T
Shom=4a\/j (18 V. ATOMIC MOTION

in

ji, (10 photons/s) ji, (10 photons/s)

which is larger than the corresponding result for resonant UP 0 this point we have supposed that the atom is held by

detection, Eq(12), by a factor ofA,/I". Again, this is inde- tEe magqetic rfni%rotrap ata maximym of tﬂ? CaVitY field for
pendent ofx, xr, A, andn,; . the duration of the measurement time In this section we

The number of photons scattered spontaneously by thﬁ\how that reliable detection is possible, even when the atom

atom during the interaction time can be expressed in terms dF qllowed to move ar.ound.wnhm the light f'eld.' We c_on3|der
Syopm aS a simple experiment in which the pump laser is continuously
om

on, while single atoms traverse the cavity at random and
92 ) -1 have to be detected during their limited interaction time with

Tx (199  the cavity field. Rubidium atoms trapped in an atom chip

waveguide at a temperature ofiddK move at typical thermal
0velocities of 1 cm/s. Such an atom would typically take
ﬁOO MS to cross a 3um cavity mode waist if it were not
interacting with the light. This is plenty of time to allow
detection, being much longer than the 10 us interaction

, K 1
M:ShomK_TE

Therefore, in order to achieve a certain signal-to-noise rati
M is the same for the homodyne detection scheme as it is i
the weak coupling limit of resonant detectifsee Eq(13)].
Note that the conditioh¢| <1 prevents us from reaching the . ; . : X
nonlinear regime of strong coupling here. The number ofme assumed in previous sections of this paper. .
photons transmitted through the cavity during this atom de- However, the atom-light interaction may change the avail-

tection is larger byafactoraifl/l“zthan it is in the resonant able |nter§ct|on time becguse .Of two_effects. First, off-
. ] resonant light leads to optical dipole forces and hence the
detection scheme:

cavity light forms an additional potential for the atom. Sec-

2,9 ond, photon scattering will impart random momentum kicks

N t=35ﬁ E E (20) to the atom. If this_ heating is_ too great, the atom may leave
out g Thom p2 | p2 the interaction region before it can be detected, regardless of

Figure 3a) shows the homodyne detection signal-to-noiselts initial velocity. _
ratio Sy, as a function of the pump power. Comparing this _ Dipole forces only play a role for off-resonant pumping as
with Fig. 1(b), we see that the maximum signal-to-noise ratiodlscus_sed in Sec. IV. The Q|pole potential e>_<per|enced by the
for the homodyne detection is smaller but of the same ordeftom is related to the excited state population by
of magnitude as for the resonant detection scheme. This
agrees with the discussion above. The reduction by about a V= — ﬁAaIn(l—z ) 21)
factor of 2 for the solid curvglowest cavity loss rajes due 2 Py
to the fact that we are limited to the weak coupling regime
here and therefore do not benefit from the nonlinear effect&or red(negative detuning this potential is attractive. Thus,
of the strong coupling seen in Fig(kh. Moreover, we find an atom traversing the cavity will be accelerated toward the
numerically thatS,,, is maximized forkt= k|4ss, i.€., for  center of the mode and will cross the cavity in a much
slightly larger mirror transmissions than for the resonantshorter time. For the parameters of the solid curve in Fig. 3
scheme. However, the pump intensity corresponding t@nd S;,,=10 the interaction time is reduced to approxi-
maximum S, is much larger because of the large atom-mately 10us, which is sufficient for atom detection. For
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much stronger pumping or lower finesse cavities, atom de- xr | T 12 r\ %
tection with a continuous pump is no longer possible and one M :jmr—<—2> ( 1+— (29
would have to modulate the pump light intensity in time. In K\g g
this case, the attractive dipole force can be used to trap an
atom for a sufficiently long time to allow for its detection.  kr_ [ 9%kT g*|<1
The heating of an atom, i.e., the broadening of the mo- =JinT X (g2 kT) 12 O\ T/ s>1.
mentum distributiom p, due to random recoil kicks over a
time 7 is related to the momentum diffusion coefficieDt We note that in the weak coupling limit the dependence of

through the relation{p)?=2D . For an atom in a standing M on'S differs from Eq.(13) only by a factor of 2, whereas
wave cavity in the limit of weak atomic saturationd®N it js qualitatively different in the strong coupling limit. The

<.F ). We can use the value @ given in Refs.[ls]. For spatially averaged valu@ of the momentum diffusion reads
simplicity we restrict the following discussions to the reso-

nant case\ ,=A.=0. Thus — (hk)? 9%\ —
D=—(1+H)M, (25
7’292
D=T(#k)? > > (220 and thus the rms momentum change during detection is
[T k+g?cog(kz)]

[ — 9’
wherek is the wave vector of the light fieldy is again the Ap=fiky/2M| 1+ 2Kr>' (26)

maximum Rabi frequency, a0 is at an antinode of the

field. Whenz=0, 2 D7 is equal to X'(#k)?p;,7, which is  The corresponding random walk in position leads to a spatial
just (Ak)2M. Hence, the momentum distribution of an atom spreadingAz of

at an antinode broadens Myp=7%k\M during the interac- _

tion time. At this position, the conditiok <1 for reversible 2D Ap 7
atom-light interaction is also the condition for leaving the Az= ng Fﬁ
motional state of the atom unchanged. Away from the antin-

odes, however, this is no longer true. For examMe; 0 at  \yherem is the atomic mass. As an example, let us take the
parameters of the dotted curve in Fig. 2 with,

(27)

a node, whileD is maximum. In this case, it isoherent
scattering of photons between the forward and backward di- — —
rections ign thg cavity that gives rise to the momentum dif‘fu-:20 photons4s. Then S:.S'l' M :2.5‘ A.p:9'3f.‘k’ and
sion [16]. However, in general the use of a cavity in atom Az=320 nm. Thus the heating and diffusive motion are rela-
detection reduces the heating of the atom significantly Com'gvely small gnd do not compromise the feasibility of single-
pared with simple resonance fluorescence detection. Moréitom detection. . . . .
over, the counterpropagating fields in a cavity produce a We_ have_ perfc_)rmed humerical S|mulat|0r_15 of a 5|mple
much smaller mean scattering force than a single travelin%Xperlment n wh|ch atoms move along'a g'wde perpendicu-
beam, whose radiation pressure force can expel the ato r to the cavity axis and cross the cavity field. The param-
quickly from the interaction region. In the ultimate limit of ©t€rs used areg(l',kioss= wy)=2mx(12,3,14) MHz,ji,
very large atom-cavity couplinfinteraction-free” measure- =10 photpns_hs, and cawty Wa'swo.: 3 m. The frans-
meny, the atomic motional state is completely unperturbed'€rse oscillation frequency in the guide isr& 37 kHz, the

by the detection. atoms move along the guide with a mean velocity of 0.4 m/s,

Let us now take this position dependence into account b):;md the initial temperature of the cloud before interaction
simply averaging the results of Sec. Il over the positionWith the cavity is 30uK. Here the motion of the atoms is

along the cavity axis assuming a flat spatial distribution ofclassical. Itis beyond the scope of the present paper to con-

the atom. For the spatially averaged sianal-to-noise Giio sider single atoms magnetically trapped in the Lamb-Dicke

resonanée we find P y 9 9 regime or to analyze the effect of the cavity field on a Bose-
Einstein condensate.

Figure 4a) shows the typical temporal evolution of the

S = KT 1 g° 1 g2\ 12 intracavity photon numbeX in one particular realization of

= \inT 7 - + 20T +ﬁ the simulation. It is constant as long as there is no atom

interacting with the cavity mode, but with the arrival of an

atom,N exhibits periods of strong reduction according to the

2 1 2\ <1 position of the atom within the cavity. This curve has been

- g KT . . . . ..

=\jinT -5 —Xx{ 1 for _> (23 used to simulate the arrival times of individual photons at the
kI« 2 I'/>1. photodetector measuring the cavity output. Detector clicks

are indicated by the vertical lines at the bottom of Fith)4

and the scarcity of clicks near time=45 us indicates the
This is exactly one-half of the maximum value®given by  presence of the atom. This appears even more clearly in the
Eq. (10). The corresponding mean numbér of spontane- solid line of Fig. 4b), which plots the number of photons
ously scattered photons is arriving in an 8us integration window versus time. For
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z P
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FIG. 4. Numerical simulation of an atom which is trapped in @ g, 5. Schematic presentation of the fiber cavity on an atom
two-dimensional2D) harmonic trap but moves along the third di- chip.

mension and traverses the cavi® Stationary intracavity photon
numberN vs time. (b) Simulated detector signal vs time: arrival as well as absorption in the fiber itself, but such a cavity has
time of individual photons at the photodetecteertical lines at the virtue that it is easy to build and its modes are readily
bottom, number of detected photons integrated over intervals ofanalyzed, which we do in the Appendix. The damping and
8 us (solid ling), mean integrated photon number for an empty coupling parameters used in this work are realistic param-
cavity and corresponding quantum noiftashedl (See text for  eters for such a cavity, as calculated in the Appendix. The
details) gap where the atom is placed should be wide enough to
) ] ) avoid long-range van der Waals or Casimir-Polder interac-
comparison, the dashed lines show the corresponding mea@ns between the atom and the end of the fiber. These forces
number of photons, plus and minus one standard deviatiohecome problematic at distances below a few hundred na-
when there is no atom in the cavity. A simple criterion for the nometerg 18,19
detection of an atom in the cavity would thus be to define a The cavity could be significantly improved by matching
minimum value foNgeteciand infer the presence of an atom the ends of the fibers to the wave fronts in the gap. With this
whenever the curve drOpS below that. With the minimum Setn mind we have demonstrated a fiber terminated by a mi-
at 11, we found that this procedure detects a single atom withrglens that produces a2m beam waist 5Qum from the
a probability of 77%. end of the fiber, but an analysis of the microlens cavity is
_This detection efficiency has to be compared to the probpeyond the scope of the Appendix. Gradient ind&RIN)
ability that the photon count rate drops below that thresholdod |enses also lend themselves to this application. It is also
in the case of an empty cavitf.e., no atom due to the desirable for the cavity to be tunable so that its mode fre-
standard quantum fluctuations of the photon number in thguencies can be properly chosen relative to the atomic tran-
cavity. This “dark count” probability has been numerically sition of interest. Temperature tuning and piezoelectric tun-
found to be approximately 6% for a time interval of 8@,  ing are both realistic options. Alternatively, the cavity could
corresponding to 750 dark counts per second. In practice, ge tuned electro-optically using, for example, a material such
more sophisticated data analysis could provide better diszs |ithium niobate (LINbG), whose refractive index
crimination between real detection events and dark counts.changes by up to 1% in an applied electric field. Ultimately,
Finally, let us note that for the parameters of Fig. 4 each js of interest to integrate optical structures for atom detec-
atom makes on averadé =28.3 spontaneous emissions, ation directly into the atom chip. Many dielectric and semi-
result quite comparable to the simple 1D averages discussegénductor materials combine suitable optical properties with
above. low enough vapor pressure. Waveguides made from SiN or
Ta,Os could be used in the red and near infrared for atoms
VI. MICROCAVITY DESIGN such as Li and Rb, while GaAs structures would be appro-

It is beyond the scope of this paper to consider the detailgrlate for Cs.

of specific microcavity designs, but it does seem appropriate VIl. CONCLUSIONS
to make some general remarks about the feasibility of build-
ing suitable cavities. In this work, we are not thinking of In this work we have analyzed the use of optical micro-
whispering gallery cavitie§17], where the light is trapped cavities for detecting single atoms on an atom chip. We
near the perimeter of a small sphere or disk and atoms mafynd that even cavities of quite modest in the range of
couple to the evanescent field that leaks out. Rather, we ha&r X 10 MHz, can play a useful role provided the waist of
in mind an open resonator in which atoms can have access the light field is only a few micrometers. With lower loss,
the regions of maximum optical field. The low€r of the  such cavities permit the detection of a single atom while
open resonator can be compensated by the small waist size @fquiring less than one photon to be spontaneously scattered.
the cavity mode, which we are taking to be a few microme-We have verified that these results also hold taking into ac-
ters. count atomic motion and momentum diffusion corresponding
A simple cavity of this kind might be made using a pair of to realistic experimental setups.
optical fibers, each with an integrated Bragg reflector. The Our calculations show that the effect on the atom is ap-
two fibers, aimed at each other with a small gap between thproximately the same for resonant and far-detuned pump
ends, form a cavitysee Fig. 5. Of course there are reflec- light if one wants to obtain a fixed signal-to-noise ratio for
tions at the fiber ends and losses from the region of the gafhe same cavity parameters. On resonance, simple monitor-
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ing of the cavity output power can be used to detect there the fiber modes traveling to the right) and left (—)
atom, but very small photon numbers must be used tavithin each of the two fibers. In the gap where the atoms are
achieve maximum signal-to-noise ratio. By contrast, off-guided, the Gaussian beams emerging from the (l&fht)
resonant detection permits much larger pump power anflber and propagating to the rigkleft) are given by

therefore much larger cavity output, but in this case a more

refined homodyne technique must be used to detect the pres- Wo r ) r
ence of the atom_m the qawty. These methods seem promis- for(X)= mex W22+ d) +iko 2R(z+d)
ing for the detection of single atoms on an atom chip.

2 2
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w(z)=wo\/1+(z/zo)7,

R(2)=2[1+(20/2)?],

APPENDIX: MODES OF A FIBER GAP CAVITY

In this appendix we calculate the modes and loss rates of
the simple fiber cavity used to illustrate the main part of the
paper. The cavity consists of two single-mode fibers mounted
on top of the chip and placed on opposite sides of the current )
carrying wire that forms the magnetic atom trap. The guided Zo=mWo/ Ao, (AB)
atoms pass through a gap of lengtth Between the fibers, as oo .
illustrated in Fig. 5. Each fiber contains a highly reflectiveKo» (K1) denotes the longitudinal wave number in vacuum
mirror, e.g., a Bragg reflector, at a distaricdrom its end. (i the fibey and Ao, =277k, , are the corresponding wave-
The cavity mode confined between these mirrors is concer€n9ths. _ , _
trated in the fiber cores and in the gap between the fibers. As Because of the divergence of the Gaussian beams in the
we show below, it is advantageous to use relatively largdl@P: f2+ (fo-) does not exactly match the fiber mode
core diameters to reduce the energy loss by the mode miga+ (f1-) atz=d(z=—d). Therefore we project,. onto
match between the fibers. The assumption of a single-mode= at these positions and treat the mode mismatch as cavity
fiber thus leads to the requirement of a very small differencdoss. We find
of the index of refraction between the fiber core and clad-
ding. In this limit, the mode in the fiber can be well approxi- ~ f2-(r,z=—d)=Qf} (r,z=—d)+f;_(r,z=—d),
mated by a transversely polarized field with a Gaussian pro-
file of waistwg [20]. Similarly, the paraxial approximation f2+(r,z=d)=Qf’2‘_(r,z=d)+f§+(r,z:d),
can be applied to the light field in the gap, which is therefore
Gaussian. where the coefficien@ gives the mode-matched part of the

Thus, the electric field of the cavity mode can be writtenamplitude, while the superscript indicates the part of the
as field that is orthogonal to the mode of the fiber and is there-

fore lost. We find that

n(z)=arctariz/z,),

E1+f1+(X)+E1_f1_(X) for z<—d,
E(x)=eyX{ Eo+for () +E,_fo (x)  for|z[<d, Q=|Q|e'¢zwe'k°2d ), (A7)
Es fa (X)+E3_f3_(x) for z>d,
(Al)  The phase ofQ is of first order ind/z,, i.e., the gap size

divided by twice the Rayleigh length, whereas the modulus
whereeg, is the polarization vectorxx symbolizes the cylin- of Qs of second order. We will therefore calculate the cavity

drical coordinatesr(,¢,z), and modes in perturbation theory itVz,. The first order terms
yield a change of the optical path length and hence a change
f, (X):efrzlwgetikl(rrd) (A2) of the resonance frequencies, but still allow for self-

consistent, lossless modes, which can then be used in the
_— second order terms to calculate the leading contribution of
fa.(x)=e "Wog*iki(z—d) (A3)  the cavity loss rate.
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2 1+ n_(l_n)e—Zile‘Z

2n |

fiber-vacuum interface together with the boundary conditions 2Kgap= 5 (AL13)

Using the continuity equations for the electric field at the c ( d
at the mirrors, we obtain the cavity resonance condition

Zy

due to the mode mismatch of the mode coupling through the
gap. The loss ratex,ss is then the sum ofcy,, and any
additional loss rates, e.g., due to material absorption. Finally,
the maximum single-photon Rabi frequency, observed for an
wherem is an integer number am=Kk, /K, is the effective  atom on the axis of the cavity in the gap, is given by
refractive index of the fiber. We also obtain relations between

the electric field amplitudeE; . , in particular, . 3l'c
¢ NI ampIices;.= . I paried g=|1+n—(1-nje 2t/ ———  (A14)
2n2Lwgks

|E1+|=|E1-|=|E34|=|E5_], (A9)

d . (A8)

1 1
2ko— Z_o) =mm—2 arctarhtar( kL)

As an example let us consider rubidium atoms (
=780 nm) in such a cavity with =20 000\,, which yields
1+ n—(l—n)e‘Z‘le‘ a node of the electric field at the fiber ends and therefore a
=|E,,| _ (A10) large field in the gapsee Eq(A10)]. The gap size is chosen
2 ‘ as A=5.079um in accordance with the resonance condi-
tion (A8). The fiber core diameter is mm, the refractive
index of the fiber core is;=1.5, and that of the cladding is
n,=1.496. For these parameters, the corresponding waist is
, (All)  Wp=2.92um, kgap=2mx6.23 MHz and g=2mXx12.2
HoC MHz. A mirror transmission of T=0.01 gives «t
=Tc/(4nL)=2m7X7.65 MHz. This example motivates the
choice of parameters used for the figures in this work. A
Sioss=2S,(1—|Q|?). (A12)  smaller gap of 2=1.563 um givesky,,=27Xx0.59 MHz,
which we use in the insets of Figs. 1 and 3. Note that, &s
If we divide this by the total energy of the light stored in the tunable, any experimental realization error concerning the
fiber cavity, mzeowLw§|E1+|2 (neglecting the small energy exact magnitude of @ may be compensated in order to once

|E2+|=|Ez-|

The energy flow in the direction in the gap is given by

_ 77'W€)|Ez+|2

which leads to a loss of energy from the cavity

stored in the gap we obtain the energy loss rate again comply with the resonance conditighB).
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