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The center frequency and linewidth of the 'So-'P; resonance line of barium atoms placed near the
center of a concentric optical resonator are studied as functions of cavity tuning. Shifts in the transition
center frequency, due to radiative level shifts, and changes in linewidth, due to enhanced and suppressed
spontaneous emission, are observed. A QED calculation which explicitly includes the resonator mode
density gives good agreement with the data.

PACS numbers: 31.30.Jv, 32.70.Jz, 32.80.—t, 42.50.—p

The radiative decay and level shifts of atomic states
are well understood when the atom is in free space, be-
ginning with the work of Weisskopf and Wigner! for the
description of spontaneous emission and with Bethe’s cal-
culation? of the Lamb shift for radiative level shifts. Re-
cently, much attention has focused on the changes in
spontaneous-emission rates which occur for an atom in a
cavity, and this has now been demonstrated experimen-
tally.>"7 In addition to changes in spontaneous-emission
rates, it may be expected that radiative level shifts will
also be modified when an atom is placed in a cavity.?

This paper presents the first observation of changes in
the radiative level shift of an atom in a resonator. We
also directly observe, for the first time, changes in the
natural linewidth of a transition. A QED calculation,
which explicitly includes the resonator density of modes,
is presented and gives good agreement with the results.

The changes in radiative processes which occur in a
resonator may be attributed to a change in mode density.
In particular, the spontaneous-emission rate I' and level
shigft Sw of an atom in the excited state | E) are given
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where it is assumed that |E) only decays to a single
lower state |G), and the sum is over all states of the
atom |I); hwg; =Eg+ héw — E; is the perturbed energy
difference between |E) and |I), pg; the dipole matrix
element between those states, V' the quantization volume,
and p(wy,k) the number of modes per unit frequency in-
terval per unit solid angle, and the integral includes a
sum over the two possible polarizations €; for each
k. Ordinarily free space is considered, for which
Pirec{®) =Vw?/(27) 3¢c3; the insertion of this into Eq. (1)
gives the familiar result I'feee =4uégw;3gg/3 hc3. The cor-
responding result for wg.e diverges because the mass re-
normalization term has been neglccted.9 However, in
our experiment we will only be concerned with the
difference Awcay =0wcay — Swiree between the shift with
the atom in the cavity and that with the atom in free
space. For this difference it may easily be seen that mass
renormalization is unimportant.

It has recently been demonstrated that changes in
spontaneous emission can occur when an atom is placed
in an open optical resonator with degenerate modes.” In
the present experiment, atoms are placed near the center
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of a concentric resonator of mirror separation L and
reflectivity R. Provided the atoms are displaced by a dis-
tance from the center less than ro=[IAL(1—R)]1Y2
where A is the emission wavelength, the eigenfrequencies
of the resonator modes which interact with the atom are
completely degenerate. This means that the line-shape
function of the cavity as seen by the atoms is given by
the Airy function,

(1 +F) 1/2
1+ Fsin?(wL/c)’

irrespective of the propagation direction of the mode k in
the resonator, where the parameter F =4R/(1 —R)? is
related to the finesse ¥ by F=(2%/z)2 From a ray-
optics point of view, this may be seen by our noting that
every ray emitted by the atom will return to it after one
round trip, and that the round trip phase of all such rays
is identical.

The effect of the resonator is to modify the mode den-
sity over that part of the solid angle AQ,y controlled by
the resonator, with the mode density over the remaining

Lw) = 3)
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solid angle AQq4. unchanged. This may be accounted
for in Eqgs. (1) and (2) by our making the replacement

prree(@) L(w), kin AQcy,

prrec(®), kin AQgige, @

pcav(w,k) = {
where the normalization of .L{(w) is chosen such that the
average mode density over one free spectral range is the
same as for free space. Substituting pe.v(w,k) in Eq. (1)
gives

rcav=rfrec{l+[<’£((0EG)_l]f(AQcav)}, (5)

where f(AQc,) is the fraction of the total free-space
spontaneous emission ordinarily emitted into the solid
angle AQ.,y. For the case of circular mirrors of half-
angle 6 and a Am =0 transition with polarization per-
pendicular to the cavity axis,

f(AQ) =1— % cos®— + cos>6.
If also 01, f(AQca) =(3/87)AQcys. This result [Eq.
(51 was derived from a different point of view in Ref. 7.
Referring now to Eq. (2), it is easy to see that the only
contribution to the difference in frequency shifts Awcay

occurs near a resonance, wx =wgg. 1herefore, substitut-
ing in Eq. (2) for peav(w,k) and prree(w,k), we find

f(oQeay) FsinQwggL/c)

4 1+ Fsin*(wggL/c)’ ©

Awcay =Tfree

Also, if |G) is the ground state, the shift in transition
frequency is entirely due to the level shift Awcay.

Physically, the level shifts are due to contributions
from the emission and reabsorption of virtual photons at
all possible frequencies. In free space, virtual photons
are emitted with essentially equal probability at frequen-
cies slightly above and below resonance, resulting in no
net contribution to the frequency shift from a small re-
gion of frequency near the atomic resonance. However,
in a cavity, the virtual photon emission may be enhanced
by a cavity resonance on one side of the atomic reso-
nance relative to the other, resulting in a net contribution
to the shift.

In the above it was assumed that the mirrors have per-
fectly shaped surfaces, that the atoms are located at dis-
tances r <ro from the center of the cavity, and that
Doppler shifts are negligible. If these conditions are not
satisfied, they may be accounted for by modification of
the line-shape function .L(w). In general, these effects
will broaden the peaks in .L(w) and reduce the ampli-
tude of its modulation.

The experimental apparatus is illustrated in Fig. 1. A
beam of barium atoms is collimated by aperture Al (I
mm diam) and intercepted by a beam from a cw dye
laser, and then recollimated by a second aperture A2 (25
um diam) and intercepted by a second beam from the
same laser. The mean thermal speed of the atoms is
2.4x10* cm/s. The laser is tuned near the 'So-'P, tran-
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FIG. 1. Experimental apparatus. (a) Atomic-beam excita-
tion geometry. (b) View from side of cavity. PMTI, not
shown, detects light from optical fiber bundle OFBI. L, lens:;
F, interference filter.

sition of '3¥Ba at A =553 nm. The 'P, state has a free-
space radiative linewidth of 19 MHz.'® Two regions of
excited atoms are thus created, one (“region 1) outside
the cavity, and a second (“region 2”) inside the cavity.
The excited atoms inside the cavity are confined to a re-
gion extending =30 um in each dimension, and are
carefully positioned at the center of the cavity. The laser
is linearly polarized perpendicular to the resonator axis,
and since the '*®Ba isotope has zero nuclear spin and is
reasonably well resolved from other isotopic components,
only a single Am =0 transition is excited. The laser
power in both beams is kept well below saturation; the
beam in region 2 is focused to a diameter of 30 um and
has a power of 0.02 uW. The sideways fluorescence is
collected by optical fiber bundles OFB1 and OFB2 and
detected by photomultiplier tubes PMT1 and PMT2.

The concentric cavity mirrors M1 and M2 have a ra-
dius of curvature of 2.50 cm, corresponding to L =5.00
cm and a free spectral range (FSR) Avgsgr =c/2L =3000
MHz. Their clear diameter is 1.88 cm, so that §=22°.
The mirrors are coated with a thin bare aluminum film
of reflectivity R =0.65, corresponding to F=21.2. The
fluorescence emerging through one of the mirrors is col-
lected by an f/1.2 camera lens and focused onto a third
photomultiplier tube PMT3. The cavity is carefully
aligned to concentricity with three independent pie-
zoelectric transducers attached to cavity mirror M1. A
small (<1 free spectral range) linear displacement of
M1 from this position tunes the cavity. In order to com-
pare the cavity-modified quantities to those in free space,
a movable beam stop BS may be inserted between the
atoms and the mirror M1, thus removing the effect of
the cavity.

In the experiment, the cavity tuning is held fixed and
the fluorescence intensity from all three channels is
simultaneously recorded as a function of laser frequency.
A typical scan for the fluorescence out the end of the
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FIG. 2. Spontaneous-emission intensity out the end of the
cavity vs laser tuning. The feature on the high-frequency side
of the transition is the next isotopic component.

cavity versus laser tuning is shown in Fig. 2. For each
such scan, the peak intensity I, width W (full width at
half maximum), and frequency shift Aw' are measured
for the fluorescence out of both the ends of the cavity
(Iend, Wend, and Aweng) and the sides of the cavity (Zgqe,
Wde, and Awdige). Here Aw'=Aw—Awy, where Aw
=w — wyree 1S the difference between the center frequen-
cy o for the atoms inside the cavity (region 2) and the
center frequency wree for the atoms outside the cavity
(region 1); Awp is the same quantity with the cavity
blocked.!" The main purpose of region 1 is to provide an
accurate frequency reference for the measurement of
Aw'. The experiment is then repeated at a succession of
different cavity tunings.

The results are summarized in Fig. 3. The top set of
data (a) shows the peak height I¢nq, the second set (b)
shows the peak height Iq., the third set (c) shows the
widths Wenq and Wiqe, and the last set (d) shows the ob-
served frequency shifts Awend and Awsige, all as functions
of cavity tuning. In each case the straight line shows the
same quantities 194¢, 12,4, and W, observed with the cav-
ity blocked, thus giving the free-space values of these
quantities. (Here 124 was corrected for the attenuation
of the remaining mirror.) The width W =Tf+ Iy con-
tains a contribution I'j from a combination of transit-
time broadening, laser frequency jitter, and Doppler
broadening.

The curves for each set of data show a theoretical fit
by the functions,

rfree(rfrec + l—‘O)

Tena=13 L( , @)
nd end rcav(rca\v'*'r(]) wEG)
Iﬂfree(l—‘frec'f'ro)
side =70 — e 8)
s side I*cav (Fcav+ r0)
W=rcav+r07 (9)
Aw' =Awcav, (10)

where e,y and Awe,, are given by Egs. (5) and (6),
Iree =19 MHz, and the measured values of f(AQca)
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FIG. 3. Observed intensities, linewidths, and frequency
shifts as functions of cavity tuning. The cavity length de-
creases from left to right.

=0.106, Tp=5.0 MHz, and /%4 and I3 are used.'?
The parameter F was adjusted, to produce the best fit to
the data, at F =8.0. This is somewhat less than the ideal
value; the reduced value takes into account the various
broadening mechanisms, as discussed earlier. Good
agreement with the theory is obtained.

There are a number of important features to notice
about the data. First, the intensity out of the sides of the
cavity decreases when the intensity out the ends of the
cavity increases. This decrease is not a ‘“‘spatial redistri-
bution” of the spontaneous-emission probability. It
arises only because of a decrease in the excited-state
atomic population, caused by an increase in the total de-
cay rate I.'2 Second, the linewidth of the transition in-
creases or decreases in direct proportion to the total
spontaneous-emission rate. This confirms that the en-
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hanced and inhibited decay of the atoms is spontaneous
rather than stimulated. Finally, the radiative shift van-
ishes when the atomic resonance either coincides with a
cavity resonance, or is exactly between two cavity reso-
nances, and the transition shifts to the blue when the
nearest cavity mode is tuned to the red, and vice versa.
This may be understood by our viewing the atom as in-
teracting primarily with the nearest cavity mode; the
atom-cavity mode coupling pushes their eigenfrequencies
apart.

Several points should be emphasized. First, the laser
is not directly coupled into the cavity; the cavity perturbs
the atom, and the laser is only used to probe the atom.
Second, the experiment is carried out under true single-
atom conditions: The density of the beam is =108-10°
atoms/cm?, resulting in =1-10 atoms in the resonator
at any given time. Further, even if several atoms are
present, they will not interact appreciably since the fo-
cused beam waists of the generated fields do not coin-
cide. As emphasized above, the ner radiative lifetime has
changed, as the changes in linewidth confirm. Finally,
we note that the radiative level shifts of an atom may be
important in precision spectroscopy, if one hopes to use
suppressed spontaneous emission to narrow a spectral
line. Our experiment shows that, in the case of an open
degenerate optical resonator, the radiative level shift
vanishes when the greatest suppression occurs: when the
atomic frequency is between two cavity modes.

In conclusion, we have demonstrated that the energy
levels of an atom may be radiatively shifted by a change
in the density of vacuum modes of the field when the
atom is placed in a resonator. We have also directly
shown that, when the atom’s spontaneous-emission rate
is enhanced or suppressed, the natural linewidth of the
transition increases or decreases in direct proportion.
We find that these effects are well described by a QED
calculation in which the mode density of free space is re-
placed by that of the resonator.
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