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Observation of Superradiant and Subradiant Spontaneous Emission
of Two Trapped lons
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We report the first observation of a microscopically resolved interaction between two trapped atoms.
This is also the first observation of two-ion superradiance and subradiance, the most elementary example
of Dicke’s theory. Its signature is the variation of the spontaneous emission decay rate of a laser-
cooled two-ion crystal;+1.5% and —1.2%, as the ion-ion distance is changed from 1380 to 1540 nm,
in agreement with a no-free-parameter theory. The experiment uses an ion microtram (88dius)
with planar electrodes and a new few-atom technique for measuring lifetimes.

PACS numbers: 42.50.Fx, 32.80.Pj, 42.50.Vk

The study of atomic interactions often begins with aare strong enough to bring the ions to withial wxm,
gedankerexperiment in which two atoms are assumed toor 2A, of each other. Observing superradiance has also
be at rest a distande apart, free of external perturbations. required a precise new method [13] for measuring life-
Comparison to experiment then requires an average ovéimes of one or two atoms which has been shown to equal
a statistical distribution of atom-atom separations, as welbr exceed the statistical power of previous many-atom
as other unknown microscopic variables. In this Letter wemethods.
report a laboratory realization of thigdankerexperiment The principle of the experiment is to measure the spon-
using two laser-cooled trapped ions in which for the firsttaneous emission raf&R) of a two-ion crystal as a func-
time the interaction is directly measured as a function otion of the ion-ion separatio®, and to compare it to
the microscopic separatiaR. Moreover, this apparatus that of a single ionl'y in the same apparatus. Super-
enables us to test the quantum electrodynamic (QEDjadiance and subradiance are detected what) > I'y
theory of superradiance [1] in a simple configuration whichor I'(R) < I'y, respectively [14,15]. In Dicke’s theory
is free of the theoretical uncertainties that have limitedwo interacting two-level systems are treated as a sin-
earlier experiments [2], for example, nonlinear propagatioryle four-level system with collective states represented by
and diffraction effects and assumptions about the couplingriplet |[+) and singlet|—) wave functions as shown in
of N spin-y systems (wher& > 1). Our experimentis Fig. 1. The master equation [16] or Fermi's golden rule
an optical version of thgedankemxperiment which Dicke [17] can be used to derive decay rales to or from the
used to introduce the subject 40 years ago, in which thé*) states (see Fig. 2) which are well approximated by
spontaneous emission of magnetic dipole radiation from
two neutrons is replaced by the electric dipole radiation of Iby by
two optical transitions. There is currently renewed interest 1-2

in superradiance since it is expected to play a dominant F_/ \1:
+

role in the optical behavior of cold dense systems such as
Bose-Einstein condensates [3,4].

The experiment is based on previous work in radio fre- [=) ——
quency (rf) Paul traps, single ion trapping and detection,
and ion crystallization. Dehmelt [5] obtained images of \ /
laser-cooled single ions almost 20 years ago and more re- r— S
cently several groups [6—9] have produced ordered arrays
of essentially stationary ions (ion crystals) in Paul traps.
The latter offered the possibility in principle of perform- 1
ing a microscopically resolved experiment with only two |+ >=\/7 (lagby) % Ibay))
atoms but the ions were too far ap&r3 um) to inter-
act. Eichmanret al. [10] demonstrated Bragg scattering FIG. 1. Level structure of superradiant and subradiant states
of two trapped ions in analogy to Young’s double slit ex- for two two-level atoms coupled to a common radiation field.

periment but again interactions could not be observed dub= IS the spontaneous emission rate into and out of the triplet
to the | tion k15, where A is th and singlet statekt). The ground and excited states of atoms
0 the large separation » WNere A IS the wave- 15 are given byla;,) and | b;,), respectively. The levels

length of light. For this experiment we have developedcan also be labeled with spin 1 quantum numberstas,) =
microscopic ion traps [11,12] of “planar” geometry which [1,1), [+) = |1,0), |a;a,) = |1, —1), and|—) = |0,0).

|+

|a182>

0031-900796/76(12)/2049(4)$10.00 © 1996 The American Physical Society 2049



VOLUME 76, NUMBER 12 PHYSICAL REVIEW LETTERS 18 MRcH 1996

I.(R) = F0<1 L 3 SINkR ) (1) Which can be derived by transforming from the direct
- 2 kR product representatiop’ = p'! ® p? to the (unprimed)

. . R ;
in the regiont > 10 used in our experiment, whete—  HEENEIN T8t A T 6 e et
27r/A and the laser polarizatioR; has been chosen so y - =

thatE, - R = 0. T is measured by a transient technique p+ = lpap*[1 = cos®] (4)

in which the ion c_rystal is excited by a short laser pulsefor fully coherent excitation wherd pus|> = paapis-
at: = 0 and the time of arrival of spontaneous photonsyence “essentially all the excitation can be placed in
is recorded on a tlme-tg—dlgltal converter (TDC), which giihar the|+) or the |-) state by adjusting? and @
yields a decay curve (histogram) proportionalWdR, 1) ¢4 get the excitation phas® = 0 or w, respectively.
representing the sum of all four transitions in Fig. 1, The population of the excited state can be neglected for
_ weak excitation sincg, — |pa|* in this limit. In the
WR.1) = pe)[T+(R) + I'-(R)] general case, botht-) and|—) states will be excited and
solution of Eq. (2) shows thaW(R,t) approximates a
T OTLR) + p-(T-(R), () single exponealtigl)decay with rate PP
where_the diagonr_sll density matrix elements are denoted T(R) = To[1 + acod®)sinkR)/kR + ---], (5)
by a single subscript, e.go+ = p++, le) = | b1by), and 3
lg) = laja,). The time-dependeni(r) are given by the wherea = 5 for two-level systems. This is consistent
master equation which reduces to a set of rate equations #4th a simple physical picture [15] in which spontaneous
represented by arrows in Fig. 1, for example,; /dt = emission is enhanced when the atoms’ dipole moments
I'ip. — T'yps. In the regionkR = 1 superradiance is are in phase and inhibited when they are out of phase,
easily identified sincéV(R, 1) is a multiexponential with allowing for retardation. Level degeneracy reduees
both fast and slow components [2]. However, in ourfrom % to % in our experiment. We measurB(R)
casekR = 10and|I'. — Ty| < I'y/10 so that super- and of the 62P;,, to 62S,,, transition in Bass™ which has
subradiant decays are difficult to distinguish. Observationwofold degenerate:; = i% ground and excited states.
of a strong signal requires separate excitation of either thghe presence of botiAm = 0 and Am = =1 decays
singlet or triplet state and that, be essentially empty, to for each excited state leads to a loss of coherence as
avoid thel's. + I'- = 2T term in Eq. (2) which dilutes predicted in theoretical studies of resonance fluorescence
the signal. [18] and observed in two-ion interference experiments
Selective population of th¢=) states is achieved by [10]. « = + results from averaging the superradiant
coherent excitation with the geometry of Fig. 3. Thematrix elements in Fermi's golden rule [17] over the
laser pulse with wave vectdrinduces dipolg moments in relevantAm = 0 and Am = +1 transitions. Loss of
atoms 1 and 2 with a phase differenrde= k - R where coherence due to micromotion Doppler shifts yields an
ply = p2,e'®. The populations of thg+) states can be additional factor/3(z) — 2J3(z) + --- = 0.65, whereJ,
expressed in terms of the single-atom density matrices is the Bessel function of order, z = ka, a is the
[1,2] by amplitude of the ion micromotion, and= 0.60 for our
11 2 ) 1 2 1 2 conditions. Thermal motion of the ions is negligible
p= = 2 PaaPin + PovPaa = (PapPha + PoaPan)]- compared to micromotion since at the Doppler limit the
(3)  residual motion is<10 nm rms. The final result of the
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0'00'0 05 10 15 20 FIG. 3. Diagram of the experiment. A two-ion crystal is
ion—ion distance (microns) condensed in the radial plane of an 8tn radius planar ion

trap (here shown schematically by a ring). The laser beam
FIG. 2. Plot of the relative decay raté. /Ty for two two- makes an angle to the trap axis and excites the crystal
level atoms as a function of separati® for A =493 nm. atrs = 0. The time of arrival of the spontaneous photons is
The arrows mark the part of thE_ curve explored by the recorded on a time-to-digital converter (TDC), which is fit to
experiment. an exponential decay.
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cw dye lasers exciting the?P;/, to 625, transition at
493 nm and thes2P; ), to 52D5, transition at 650 nm.
Both laser beams were focused to a beam waist radius
of about 15um with powers of 500 to 1000 nW. The
crystal is viewed through a 2 mm sapphire UHV window
by a microscope objective which is compensated for the
spherical aberration of the window, yielding diffraction-
limited images as in Fig. 4. The figure shows that
the crystal is inclined at an angle = 40° to the
(horizontal) plane containing and the trap axis, which
determines the excitation phade= kR sinf sing = 7
for R = 1470 nm andd = 16°. The crystal is therefore
predominantly excited into the antisymmettie) state.
The ion crystal lifetime is measured by a single-photon
FIG. 4. (color) Diffraction-limited image of a two-ion crystal counting technique which records the arrival time of the
with R = 1470 nm. This determines the orientation of the spontaneous photons on a TDC. A measurement cycle
interatomic vectoR enabling a no-free-parameter fit. was repeated every 250 ns, of which the first 160 ns was
devoted to laser cooling the ions. Both red and blue lasers
theory isa = 0.33. See Ref. [19] for a master equation were then turned off for 30 ns to allow tieP state to
treatment of two interacting four-level systems. relax to the ground state. The blue laser was turned on
The apparatus is shown in Fig. 3. The novel featuredor 6 ns to excite th¢+) collective states and the 493 nm
are the microtrap and the lifetime measuring system. Thépontaneous emission was monitored for the next 50 ns.
planar ion trap [11,12] produces a quadrupole field fromlhe pulses were generated by twmnlinear electro-
flat electrodes with concentric circular apertures. It isoptic modulators [13] with a 2 ns rise time ameb0 db
constructed from three 2am thick Be-Cu foils spaced on-off ratio. The imaging photomultiplier produced a
100 um apart containing a central trapping aperture offast timing output from the multichannel plate intensifier
80 um radius. The two-ion crystals are produced atwhich was used to trigger the TDS. The resulting
a nominal ion-ion spacing of 1470 nm when drivenhistogram (see Fig. 5) was fit to a decay of the form
with an =500 V peak at 93.5 MHz, as determined by Aexp(—I't) + B using a nonlinear least-squares routine
measuring the secular oscillation frequency of a singld20]. We have shown elsewhere [13] how the use of
ion, 4.00 MHz. dc voltages of —10 and +5V were Only one or two atoms can providgreater statistical
applied to change the ion-ion spacim) to 1380 and power than conventional many-atom methods by avoiding
1540 nm, respectively. The Ba " ions are laser cooled a systematic error (pulse pileup) due to the fluctuations in

as in a previous work [8] using two frequency stabilizedthe number of decaying atoms.
Figure 6 shows the variation of the ion crystal lifetime

10° T T = 1/T" with R in agreement with the no-free-parameter
theory of Eq. (5). Measurementsit= 1380, 1470, and

_. 82 T T T T
g
S10° £ a1
S 2
=
s 8.0
102 3
|3
w79
101 | | ! | g
400 T T T T g 78
s |ty ; g
é 0 : et . C 2] 77 i 1 L l
& ) 1.2 1.3 14 15 1.6 1.7
ion—ion distance (microns)
-400 ] | I I
0 10 20 30 40 50

FIG. 6. Comparison of theory to experimental points at
Time (ns) 1380, 1470, and 1540 nm (see text). The ion-ion distance
FIG. 5. Three-parameter fit (solid line) of five combined datalS independently known by measuring the secular oscillation
sets atR = 1380 nm, showing residuals (lower figure). The fit requency of one ion. The lifetime is calibrated by comparison
yields a superradiant lifetime 6f820 = 0.074 ns, ay’ = 67  © 7930 £0.03 ns measured for a single ion in the same
for 65 degrees of freedom, and a probabilftgy? | n) = 0.32. apparatus. Note the polarization sensitivity (crosses, with error
bars omitted for clarity).
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1540 nmyield lifetimes of = 7.813 * 0.67 ns,7.947 =  resolution of about 0.1% per minute of integration time
0.084 ns, and8.026 = 0.074 ns, respectively, where the [13]. In this regime superradiance may be resolved with
errors are & (standard deviation). Separate measurehigh precision to test predictions [2] of such effects as van
ments of one ion gave = 7.930 = 0.03 ns (dotted line). der Waals dephasing, multiexponential decay, and crystal
The superradiant point at 1380 nmli§% = 0.8% below shape dependence which are inaccessible to conventional
the single-ion valug¢—1.7¢0) while the subradiant point experiments.

at 1540 nmisl.2% *= 0.9% above it(+-1.307). The three In conclusion we have demonstrated that atom-by-atom
data points fit the theory with a probabiliB/= 0.64 while  studies of atomic interactions are practical. The use of
a fit to the 7.930 ns single-ion value gives< 0.005 (a  ion traps permits precise control of ion-ion distances so
3o effect), taking account of the signs. A variety of sta-that the R dependence may be observed directly. This
tistical and systematic tests has been used to confirm thespens the door for new types of microscopically resolved,
results. High statistics measurements-aff a single ion detailed, and precise tests of QED and other atomic
were made to rule out systematic effects due to rf trap voltinteractions.
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