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We report results of an experimental study of the evolution of small ensembles of atoms in a mi-

crowave cavity. The experiment employs an atomic beam of calcium Rydberg atoms and a split su-

perconducting cavity operating at 35 GHz. At the ambient temperature of 2 K, the mean black-
body photon number is 0.8. Selective field ionization allows us to monitor simultaneously the popu-
lations of the initial and final states. The time evolution of the atomic system is probed by "Stark
switching, " i.e., shifting the atomic resonance away from the cavity resonance by applying an elec-
tric field. The collective oscillations of energy between ensembles of atoms and a cavity with

Q ) 10' are studied for one to several hundred atoms. The results agree well with theory for = 50 or
more atoms, but some discrepancies are observed for smaller numbers of atoms. Possible experi-
mental sources of these discrepancies are discussed.

I. INTRODUCTION

The study of small systems of atoms interacting with
cavities has evolved into an identifiable subfield of atomic
physics: cavity QED. ' In this paper we describe a study
of the exchange of energy between ensembles of 1-500
atoms and the radiation field in a high-Q cavity. An ex-
perimental study of collective atom-cavity oscillations for
very large numbers of atoms ( )20000) in a low-Q open
confocal cavity has been performed by Kaluzny et al.
Some related work in cavity QED includes experiments
on the inhibition ' and enhancement of spontaneous
emission in low-Q cavities. Investigations of atoms in-
teracting with high-Q cavities led to the development of
the one-atom maser and the two-photon maser. The
theory for small systems of atoms in cavities has been
developed by a number of authors.

We present an experimental study of the dynamics of
small ensembles of Rydberg atoms in a high-Q cavity at
cryogenic temperatures. Singlet states of calcium, which
lack both fine and hyperfine structure, provide an excel-
lent approximation to a two-level atomic system. We use
pulsed dye lasers to prepare an atomic beam of calcium
Rydberg atoms inside a superconducting cavity. Selec-
tive field ionization allows the initial and final state popu-
lations to be monitored simultaneously. The cavity mode
employed provides a constant radiation field amplitude
along the direction of atomic beam propagation so that
atoms with different velocities experience the same in-
teraction with the cavity field. The time evolution of the
system is probed by "Stark switching, " i.e., shifting the
atomic resonance away from the cavity resonance by ap-
plying an electric field, thereby inhibiting the transition
and "freezing" the atomic population. This is accom-
plished in a superconducting cavity that was split into
electrically isolated halves. The Stark switching tech-

nique permits the atom-cavity oscillations to be observed
with good time resolution for several cycles. In contrast
to experiments which depend on velocity selection of an
atomic beam to provide time resolution, our method per-
mits observation of the system for arbitrarily short times.

Section II presents a brief review of the theory for en-
sembles of atoms evolving in a cavity. The apparatus is
described in Sec. III. Data on the exchange of energy be-
tween the atoms and the cavity are presented in Sec IV.
For systems of 50 to 500 atoms, the observations are
found to agree well with theory. Although the Q was
suSciently high to allow single atom oscillations, the data
for small numbers of atoms in the cavity are more
damped than theory predicts. Some explanations for this
discrepancy are discussed in Sec. V. Section VI presents
conclusions from our research.

II. THEORETICAL BACKGROUND

A. Dynamics of a single atom in a cavity

The behavior of a single two-level atom interacting
with a single mode of the radiation field was first dis-
cussed by Jaynes and Cummings. ' An excited two-level
atom in a resonant lossless cavity at 0 K will spontane-
ously exchange energy with the cavity at a frequency co,
given by

1/2

V ff is the mode-dependent effective volume of the cavity,
cop is the transition frequency, and d is the dipole matrix
element between the levels of the atomic system. If the
cavity has losses, the system behaves similarly to a pair of
coupled classical oscillators undergoing damped harmon-
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ic motion. For co/2Q )co„where co is the frequency and

Q is the quality factor of the cavity, the system is over-
darnped and the excited state population decays at a rate
proportional to Q. In this paper, however, we are in-
terested only in the under damped regime, where
co/2Q (co, .

For an underdamped system with the cavity at temper-
ature T and resonant with the atomic transition, the
probability P, (t) that an initially excited atom will be in
the excited state at time t is approximately

lar momentum operator.
The evolution of the system can be described by the

density-matrix equation'

dPw +F 1
[+tot~pA+F)+AFPA+F .

dt iA
(4)

The last term in Eq. (4), which accounts for dissipation, is
given by

CO + CO

FPA+F 2Q(T) PA+F 1+ Q(T) PA+F

P, (t) = + exp[ —y(1 +@}t)1+
1 —P+ g p"exp( y t—) cos(co, v'n + I t ),

2 p
(2)

CO + CO

2Q(T) A+El + Q(T) PA+F

where P= exp( ficolkT)—and y =co/2Q. Because the os-
cillation frequency for a cavity with an initial photon oc-
cupation number of n is co, &n +1, the distribution of the
number of blackbody photons in the cavity causes P, (t)
to be a superposition of oscillations with incommensurate
frequencies. As the temperature increases, interference
between these frequencies washes out the oscillations in-
creasingly rapidly.

B. Dynamics of an ensemble of atoms in a cavity

1. Density-matrix approach

The treatment in this section follows Haroche's
analysis of ensembles of two-level atoms in a high-Q cavi-
ty. ' '" An ensemble of atoms that is excited in a region
of uniform cavity field amplitude must be treated as a sys-
tem of indistinguishable particles. The states of such a
collective ¹ tom system are the Dicke states, ' which
are equivalent to states of angular momentum J =N/2.
The Dicke states, which are symmetric under atom ex-
change, can be labeled

~
J,M ), where —J&M & J. The

number of atoms in the upper state is J+M, which
ranges from 0 to E. Note that the atomic system remains
in a Dicke state only as long as the atoms experience
identica1 conditions. For an atomic beam experiment,
this requires that the electric field amplitude along the
direction of motion be constant and that no atoms leave
the cavity during the interaction time. Otherwise, atoms
with different velocities would experience different fields
and become, in principle, distinguishable.

The total atom-field Hamiltonian H„, in the rotating-
wave approximation is'

For small numbers of atoms (N-50) the density-
matrix equations expanded in the Dicke state basis can be
solved numerically on a small laboratory computer. '

However, computations become increasingly lengthy as
the number of atoms increases. For large numbers, the
Bloch vector model provides a more practical approach.

2. Bloch uector model

The Bloch vector model is useful for describing a sys-
tem composed of a large number of identical
atoms. ' "" The time derivatives of the quantum-
mechanical operators D, D+, and a~ are found in the
Heisenberg picture. The atomic operators are related to
the components (vt, p) of the Bloch vector, a classical an-
gular momentum vector with length J =N /2.
D ~rt= ,'N cos8 and —D+—+p=——,'N(sin8}e'~, where 8
and P are the standard angles in spherical coordinates.
The field operator a is identified with 8, a classical elec-
tric field in the cavity. "

The evolution of the classical quantities rl, p, and 8 is
described by'

dg 'a
( gkp gp4 )

t 2

dp
dj

i co~ @'g,

(7a)

(7b)

where Q(T)—=Q(1 —P) and [a,b]+ =ah+—ba
The probability that a member of the system is excited

at time t is related to the expectation value of D by

P, (t, N) =—(D ) + —,
' .

1

H„,=Hq +HF+H„F

=ftcooD +fico(a a+ —,')+ ,'fico, (aD++a D }—, (3)

d @ 1 cog=i6A' —y6+ p+F (t),
dt

(7c)

where H„and HF are the atomic and field Hamiltonians,
respectively, and H~F describes the atom-field interac-
tion. a and a are the conventional destruction and
creation operators for the electromagnetic field. D+ and
D are collective atomic raising and lowering operators,
respectively, that act on the Dicke states like standard
angular momentum raising and lowering operators. D
acts on the Dicke states like the z component of the angu-

where 6=co—coo. Equation (7c) includes a damping term
and a random force F (t) that account for the coupling
of the radiation mode to the thermal reservoir of the cav-
ity walls.

Solving Eqs. (7) is time-consuming because of the ran-
dom force F (t). However, it can be shown" that the
problem can be simplified by assuming that F (t)=0 and
C(t =0)=0, provided that 8(t =0) is randomly distribut-
ed with a probability distribution
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P(8(0) ) = exp [
—[8(0)/8 ] I,28(0}

0
(8)

parameters, Haroche' has pointed out that the variation
of v„& with the number of atoms N can be accurately
parametrized by

where

n+1
00—2

' 1/2

(9)

a&N
b+lnN ' (13)

is the "average" tipping angle of the Bloch vector in the
presence of a thermal distribution of photons with mean
number n. The initial conditions are thus

t)(0)= —,'N cos[8(0}],

p(0) =
—,'N sin[8(0)]e'~' ',

8(0)=0 .

(loa)

(10b)

(10c)

where the average over 8(0) is carried out using Eq. (8).
Figure 1 compares values of P, (t,N =50} calculated

using the density-matrix method [Eq. (6)] and the Bloch
vector method [Eq. (11)]. The Bloch method provides a
reasonably accurate solution, though some discrepancy is
evident. As N is decreased, however, the Bloch solution
becomes progressively less reliable.

Because our experiments only measure g, they are not
sensitive to P. Therefore P(0) can be chosen to be zero.
Equations (7) can be readily solved for various values of
8(0). The probability of excitation at time t is then given
by

P, (t,N ) =—(7)(t,N, 8(0)) )@o)+—',1

C. EfFects of fluctuations in N

Because P, (t, N) is sensitive to N, comparing theory
and experiment requires that the effect of fluctuations in
the number of excited atoms be considered. Fluctuations
arise from normal statistical variations and also from
pulse to pulse variations in the frequency and power of
our pulsed laser system. The number of atoms Nd detect-
ed following each laser pulse is less than N, the number of
atoms excited in the cavity, because of detector
inefficiency and finite radiative lifetime. Denoting the to-
tal detection efficiency by ed gives Nd=edN. The stan-
dard deviation in Nd due to statistical fluctuations is

0 =(N )' (14)

where Nd is the mean number of atoms detected. The
standard deviation in Nd due to pulse-to-pulse variations
in the lasers is proportional to Nd.

where a and b are adjustable parameters that depend on
co„y, and P. The accuracy of this expression is illustrat-
ed by Fig. 2 which displays values of v„& obtained from
the exact solution [Eq. (6)] for N ~ 50 and from the Bloch
method [Eq. (11)] for N~200, along with the best fit of
Eq. (13) to the calculations.

3. "Collapse frequency" v„, + laser
=f1Nd (15)

There is no general way to parametrize the behavior of
the atom-cavity system, but for underdamped motion one
feature is particularly easy to observe experimentally:
this is the time r;„at which P, (t, N) achieves its first
minimum. We define the "collapse frequency" v„i by

The source of these fluctuations appears to be associated
with the laser that drives the final step. (The first two
steps in the excitation scheme are strongly saturated in
order to reduce f&.} We assume that the two sources of
fluctuations are independent. Consequently, the total

—1
vcoi = ( 2+min } (12)

Although P, (t, N) is a complicated function of the system 1.0-
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FIG. 1. Comparison of calculations by the exact method
(thick line) and the Bloch method (thin line) for 50 atoms in the
cavity with Q =1.2X10' and T=2. 17 K. The horizontal axis
is the atom-cavity interaction time T,„t and the vertical axis is
the probability that the atom is in the upper state, P, (t).

FIG. 2. Dependence of the "collapse" frequency v„& on num-

ber of atoms N for Q =1.2X10 and T=2. 17 K. The closed
circles are obtained from the exact method and the open squares
from the Bloch method, as discussed in the text. The solid
curve is a fit of the calculations to Eq. {13), which yields
a =0.3187 MHz and b =2.245.
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standard deviation in Nd is

2 2 1/2
oNd (ostat+olaser)

=[Nd+(f N ) ]' (16)

1.0

0.8-

The coefficient for laser fiuctuations f& is found by
determining the standard deviation a.z as a function of

d

Nd by measuring Nd for 200—500 laser pulses for each
value of Nd. Figure 3 shows measured values of e~ ob-

d

tained by this procedure and a fit of this data to Eq. (16)
yielding ft. ft varied from day to day between 0.06 and
0.26. Typically, f, =0.14.

Because ft is a property of the lasers only, not the size
of the sample, o N is expected to be identical in form to
o'~ [Eq. (16)]. The measured distribution of Nd is ap-

d

proximately Gaussian, and so we take the distribution in
the number of initially excited atoms N to be given by

'2
1 N —N

exp (17)G(N) = 1

&2mo„

whereo~=[N+(f&N) ]'
The time evolution of the system when the mean num-

ber of initially excited atoms is N is given by

P, (t, N)=QG(N)P, (t,N) .
N

(18)

20-

15-

10-

0-
20 40

Nd

60 80 100

FIG. 3. Measured standard deviation o.z vs mean number of

detected atoms Nd. The solid curve is a fit of the data to Eq.
(16) which yields f, =0.142(6}. (The number in parentheses
denotes the uncertainty in the last digit. )

The Gaussian distribution [Eq. (17)] is valid only for
large values of N. However, for values of N as small as 7,
which is the lower limit of our expertmental data (exclud-
ing single atom experiments for which no averaging is re-
quired), the use of a Poissonian instead of a Gaussian dis-
tribution has a negligible effect on the calculated value of
P, (t, N).

The most conspicuous effect of the fluctuations is to
wash out the oscillations after several periods. This is il-
lustrated in Fig. 4, where P, (t, N =300) is compared with
P, (t, N=300), assuming ft =0.14. For small values of N,
the fluctuations wash out the oscillations in a similar
manner. In addition, for values of N close to 1, the fluc-
tuations can noticeably increase v„&.

0.6-

0.4-

0
0 2 3

Tl„t (PeeC)

FIG. 4. Calculated evolution of the system with exactly 300
atoms in the cavity (thick line) compared to the evolution with
an average of 300 atoms in the cavity (thin line) obtained from
Eq. (18) with ft =0.14. T,„, is the atom-cavity interaction time
and P, (t) is the probability that the atom is in the upper state.

III. EXPERIMENT

The apparatus is similar to that used in our studies of
one- and two-photon Rabi oscillations' and microwave
spectroscopy of calcium Rydberg states. ' A diagram is
shown in Fig. 5. The major change is that the waveguide
structure used for driving microwave transitions has been
replaced by a microwave cavity. The calcium atomic
beam is prepared in the 46p state (abbreviation for the
4s46p 'P~ state) inside the cavity using a three-step
pulsed dye laser system. The final laser beam is polarized
along the cavity electric field so that the 46p (m =0) state
is excited relative to this quantization axis. The two
states involved in the atom-cavity oscillations are thus
the 46p(m =0) (upper state) and 46s (lower state). The
frequency of the 46p ~46s transition in calcium in 35.332
GHz; the atom-cavity coupling frequency co, /2m calcu-
lated for this transition and our cavity dimensions is 105
kHz. Observing underdamped behavior for a single atom
in the cavity requires Q &2X10 . To avoid washing out
the oscillations from the effects of blackbody radiation
(Sec. IIA), the one-atom experiments require tempera-
tures ~ 2 K, for which n ~ 0.8.

A 0.38-mm-diam hole in the collimating plate limits
the atomic beam diameter inside the cavity to 0.51
mm. The atoms are excited inside the cavity, 2 mm past
the front end cap [Fig. 5(b)]. The mean transit time to
the cavity exit is 18 psec, which corresponds to two cy-
cles of the single-atom —cavity oscillation. After the
atoms exit the cavity, they enter the detector region
where selective field ionization is used to detect and
differentiate the two states. We measure P, (t, N ) for each
value of Nd by scanning the time t at which a 200-mV
pulse is applied between the cavity halves. In this way,
we count the number of atoms detected in the 46p and
46s states as a function of the atom-cavity interaction
time. Sample data are shown in Fig. 7. The apparatus is
discussed in more detail in Refs. 15, 17, and 19.
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atomic and laser beam holes is not of concern because
these are far below cutoff. However, the coupling hole
needs careful consideration. This hole is designed to cou-
ple power between the cavity and the waveguide to moni-
tor the cavity frequency and Q. The length of the cou-
pling hole in the cavity was convenient for testing pur-
poses. ' However, this length would have allowed room-
temperature radiation propagating down the waveguide
to enter the cavity via the coupling hole. Therefore this
hole was extended for the experiments described in this
paper. A small wire loop inserted into the coupling hole
was then necessary for monitoring the cavity. To search
for possible residual effects of room-temperature radia-
tion, we compared the multiatorn-cavity oscillations with
and without the coupling loop inserted slightly into the
coupling hole. The two data sets are indistinguishable.
The multiatom data presented in this paper were taken
with the coupling loop adjusted to yield a 1.6% decrease
in the power rejected from the cavity on resonance.

2. Stray electric and magnetic jfelds

The 46p ~46s transition frequency is known accurate-
ly from our studies of the spectroscopy of calcium Ryd-
berg states coo/2n. =35.331 92(2) GHz. However, be-
cause stray electric fields within the cavity can cause a
Stark shift, it was important to tune the cavity to the
transition frequency in situ. We accomplished this by
measuring the cavity induced population transfer from
the 46p to 46s states as the cavity frequency was swept
through the atomic resonance by the PZT tuner. The op-
timal combination of statistics and linewidth was ob-
tained with about 15 atoms excited in the cavity. A po-
tential of approximately 50 mV was applied between the
cavity halves to null a field presumed due to contact and
thermal potentials. The observed linewidth was typically
500 kHz, in agreement with calculations. The second-
order Stark shift coefficient for the 46p(m =0) =46s
transition is ' 110 MHz/(V/cm) . The sign and mag-
nitude of the observed shift of the atomic resonance fre-
quency, typically a 60-kHz blue shift, were consistent
with the assumption of a residual stray dc electric field of
about 25 mV/cm. However, since our frequency resolu-
tion was about 60 kHz, this shift was too small to mea-
sure accurately.

A residual magnetic field can affect the experiment if it
has a component perpendicular to the quantization axis,
since this would cause precession among the m levels of
the 46p state. To avoid this, the apparatus was construct-
ed from nonmagnetic materials and the Dewar was sur-
rounded by a single layer p-metal shield. Based on our
measurements with a gaussmeter, we estimate the residu-
al magnetic field in the cavity to be 5 —15 mG. This
yields a maximum m-level splitting of 40 kHz, which is
not significant.

The spectral width of the atom-cavity system decreases
as the atom-cavity oscillation frequency decreases.
Therefore the effects of stray electric and magnetic fields
are most troublesome when the number of atoms is small.

B. Detector

The Rydberg atoms are observed with a two-channel
field ionization detector that monitors the individual pop-
ulations of the two states. After the atoms emerge from
the cavity, they pass between two electric field plates
whose separation decreases linearly. As a result, the
atoms experience an increasing electric field. The ramp
angle is chosen so that a single fixed voltage ionizes the
two states above their respective channel electron multi-
pliers (CEM's). The electrons released by the ionization
pass through a slotted plate and are detected by one of
the CEM's, which generates an electrical pulse for each
ionized atom. If all the population is in one state, the
background signal on the CEM for the other state is
about 4% of the total signal. This small background sig-
nal is due primarily to the finite resolution of selective
field ionization.

During the course of our cavity experiments, we
discovered that our overall detection efficiency for the
46p atoms was typically 25%. Some of the loss of atoms
can be attributed to the radiative decay of the atomic
states: we estimate that approximately 60% of the 46p
atoms and 40% of the 46s atoms reach the detector. This
ratio agrees with our observations of the relative sizes of
the cavity-induced transfer between the 46p and 46s
states. We believe the remaining loss of approximately
50% is due to CEM inefficiency. Arnoldy et al. have
found that efficiency is lower for electrons which impinge
on the CEM cone outside the diameter of or not parallel
to the main body of the CEM. In view of these con-
siderations, a 50% CEM efficiency in our system is plau-
sible.

IV. OBSERVATION OF ATOM-CAVITY
OSCILLATION S

A. Collapse frequency v„& versus N&

By studying how v„& varies with Xd, the general
features of the system's behavior can be verified and the
one remaining unknown parameter —the total detection
efficiency e„—can be found. From Eq. (13) with
N=Nd/ed, we find

a(Ndled)' '
b +ln(Nd /ed )

(19)

where the parameters a and b are determined from calcu-
lations of the time evolution of the system using the ex-
perirnental values of Q and T. This is accomplished by
the following procedure: The calculated time evolution
curves are averaged using the experimentally determined
distribution of N [Eqs. (17) and (18)], and then an aver-
aged collapse frequency v, i(N) is extracted from this
averaged time evolution curve for various values of N.
The parameters a and b are then obtained from a fit of
v„,(N) versus N to Eq. (13). Finally, a fit of Eq. (19) to
the measured v„~ versus Nd with a and b fixed at these
values yields the total detection efficiency ed.

Two representative sets of data from which v„& is ex-
tracted are shown in Fig. 7. To assist in extracting v„~,
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FIG. 7. Observed atom-cavity oscillations for Q =1.18 X 10'
and T=2. 17 K for two values of Nd. The solid curves are fits
of the data to damped sinusoids, from which v„~ is extracted.
The open circles are the atoms detected in the 46p state, and the
closed squares are the atoms detected in the 46s state. T,„, is the
atom-cavity interaction time. The extracted values for v„~ in
MHz are (a) 0.69(4) and (b) 0.28(4). (The numbers in
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we fit the data with the damped sinusoids shown. This
procedure is repeated for various values of Nd, yielding
the values of v„& versus Nd shown in Fig. 8. The solid
curve in Fig. 8 is a ftt of the data to Eq. (19) with a single
adjustable parameter ed, which is found to be 0.24(l).
The total detection efficiency was found to vary some-
what from day to day, ranging between 20% and 30%.
The small but visible discrepancy between data and
theory is discussed in Sec. V.

B. Observation of the system evolution

FIG. 9. Comparison of calculated and observed evolution of
the system for large ensembles of atoms in the cavity. The cal-
culations were performed using the Bloch vector model. Be-
cause ed has been determined previously (Fig. 8), there are no
adjustable parameters. The closed circles are the number of
atoms detected in the 46p and 46s states as a function of atom-
cavity interaction time T,„,. The amplitude of the theory curves
are scaled to compare with data. (The theory curve for the 46s
atoms has been multiplied by an additional factor of 0.7 to ac-
count for the shorter lifetime of the 46s state. ) (a) and (b):
Nd =93, so the calculated mean number of atoms initially excit-
ed in the cavity using ed=0. 24 is N=380. (c) and (d): N&=73,
so N=300.

A series of time evolution curves for various values of
Nd has been studied, using data from the set that was
used to generate Fig. 8. Figures 9 and 10 display some of
the data along with the calculated time evolution curves.
Because the total detection efficiency has been previously
determined (Fig. 8), there are no adjustable parameters.
(However, the theoretical curves have been slightly re-
scaled for effects due to detector resolution and for the

observed difference between the lifetimes of the 46p and
46s states. ) The theoretical curves for Fig. 9 were ob-
tained from the Bloch vector method, while those for Fig.
10 were calculated by the exact method. The agreement
between theory and experiment for the larger numbers of
atoms is satisfactory, but it is apparent that the data for
N = 15 are only in crude agreement with theory.

We can also compare our results with theory for a sin-
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FIG. 8. Observed dependence of v& on Nd for
Q=1.18(5)X10', T=2. 17 K, and f, =0.14. The solid curve is
a fit of the data to Eq. (19) which yields total detection efficiency
ed=0. 24(1). (The numbers in parentheses denote the uncer-
tainty in the last digit. )
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FIG. 10. Comparison of calculated and observed evolution of
the system for a small ensemble of atoms in the cavity. The cal-
culations were performed using the density-matrix method. (a)
and (b): Nd=3. 7, so N=15.
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gle atom in the cavity. Single atom experiments are of
special significance because they represent the limit of
small systems. Furthermore, they have the experimental
advantage of being free of much of the uncertainty in
detection efficiency, assuming that the mean number of
atoms detected per pulse is small compared to unity. For
these studies we generally operated with an average of
0.04 atoms detected per laser pulse. Assuming a total
detection efficiency of 20%, the probability of more than
one atom excited in the cavity per laser pulse is only
1.8%%uo. The observed and calculated evolution of a single
atom in the cavity with Q = 1.5 X 10 and T = 1.95 K are
shown in Fig. 11. (A calculation for T=9 K is also
shown for reasons discussed in the next section. ) The rel-
atively low value of Q in this particular run did not affect
the observed behavior; other one-atom experiments with

Q =10 yielded essentially the same results.
It is evident in Fig. 11 that the minor discrepancies

pointed out in Figs. 8 and 10 have become major
discrepancies in the single-atom experiments, effectively
damping the resonance and destroying the oscillatory be-
havior.

V. POSSIBLE SOURCES OF THE DISCREPANCIES
AT LOW N

Two effects could explain the discrepancies in our data
at low numbers of atoms and the damping of single-atom
oscillations: the radiation temperature could be higher
than expected, and stray electric or magnetic fields could
not be affecting the system. As discussed below, howev-
er, we cannot establish either of these effects alone as the
cause of the problem.

A. Radiation temperature in the cavity

tion of a radiation temperature of 9 K would also im-

prove the agreement between data and theory for v„&
versus Nd, as shown in Fig. 12 (thick line). However, for
large numbers of atoms, the effect of higher temperature
is to increase v„& without changing the frequency of the
subsequent oscillations. (The small number of blackbody
photons becomes unimportant compared to the large
number of photons released by the excited atoms. ) Con-
sequently, the assumption of a 9 K radiation temperature
destroys the agreement shown in Fig. 9. Although exper-
imental tests we have performed suggest that the temper-
ature of the radiation field within the cavity is not sub-
stantially elevated above the temperature of the cavity
walls, we have no independent measure of it.

B. Stray electric or magnetic field

Stray electric or magnetic fields can cause splitting of
the m levels of the 46p state. For reasons discussed in
Ref. 15, the stray magnetic field in our apparatus can be
assumed to be perpendicular to the cavity axis. There-
fore, if we choose the quantization axis along the stray
magnetic field, only the ~m ~

=1 states of the 46p level par-
ticipate in the atom-cavity interaction. For this reason,
the effect of a perpendicular magnetic field is to split the
degeneracy of the upper level, yielding an effective three-
level system. Furthermore, since the m =+1 states are
degenerate in an electric field, any stray electric field not
exactly parallel or perpendicular to the cavity axis also
creates a three-level system. The effect of such splittings
on the single-atom —cavity system is to speed up and
damp the oscillations, which improves the agreement
with the observed one-atom behavior (Fig. 11). The cal-
culated oscillation frequency of the single-atom-cavity
system in the presence of a source of m-level splitting is
found to be given by'

Blackbody radiation in the cavity would increase the
atom-cavity oscillation frequency and cause the oscilla-
tions to wash out. Assuming a radiation temperature of 9
K yields a one-atom oscillation curve which has an initial
collapse of the atomic population similar to the data (the
thin theory curve in Fig. 11). Furthermore, the assump-
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FIG. 11. Observation of the time evolution with a single
atom in the cavity. The solid curves are calculations for

Q =1.5X10, T=1.95 K (thick line) and T=9 K (thin line).
The total number of accumulated counts at T,„t=0 is 38.

FIG. 12. Fits of v„l vs Wd to theory as discussed in Sec. V.
The thick line is a fit of the data previously presented in Fig. 8
to theory assuming T =9 K which yields ed =0.39(1). This line
is also a fit of the data to Eq. (21) with T=2. 17 K yielding
ed=0. 29(1) and vf (m-level splitting) equal to 0.18(1) MHz.
The circles are the data points and the thin line is the fit to Eq.
(19) shown in Fig. 8, which assumes vf =0 and t =2.17 K. (The
numbers in parentheses denote the uncertainty in the last digit. )
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where v„„ is the oscillation frequency in the absence of
the stray field and vf is the splitting between the magnet-
ic sublevels induced by the electric or magnetic field.
[The splitting of the m =+1 sublevels in a magnetic field

is 2.8 MHz/G. The splitting of the
~ m~ = 1 and the m =0

levels for the electric field case is 39 MHz/(V/cm) .]
The interaction of an ensemble of nondegener ate

three-level atomic systems with the radiation field in a
cavity has not, to our knowledge, been analyzed in detail.
If we make the ansatz that the multiatom oscillation fre-
quency in a stray electric or magnetic field has the same
form as Eq. (20), so that

v», (N) = [v„~(N)+vf ]' (21)

where v„,(N) is given by Eq. (13), we can fit our data to
extract the magnitude of vf. Equation (21) is correct for
N = 1, and it has the proper limiting behavior for
v„,»vf. Figure 12 (thick line) shows the results of this
fit to the data previously presented in Fig. 8. Note that
the best fit of the data to Eq. (21) with a 2-K radiation
temperature is identical to the fit based on calculations
with vf =0 and a 9-K radiation temperature. (However,
the two approaches yield different values for the total
detection efficiency. ) The value extracted for the m-level
splitting is vf =0.18(1) MHz, which seems unreasonably
large. If it were due to an electric field at 45' to the cavi-
ty axis (the direction of maximum sensitivity), it would
require a field of 70 mV/cm. Such a field would cause a
shift in the transition frequency of 370 kHz, which was
not observed. (The atomic resonance was shifted by at
most 60 kHz for the data presented in Fig. 12.) If the
splitting were due to a magnetic field, it would require a
field of 65 mG. Because a magnetic field splits the transi-
tion without shifting it, it is difBcult to diagnose a stray
magnetic field given the large linewidth of the atomic
response in the cavity. Our measurements of the residual
magnetic field at the atomic beam with a gaussmeter indi-
cate the field was only 5 —15 mG, so a 65-mG magnetic
field seems unlikely.

Although the assumptions of a 9-K radiation tempera-
ture or a stray electric or magnetic field in the cavity can

account for some of the observed discrepancies between
data and theory, for the reasons discussed above we do
not believe that any one of these effects alone can reason-
ably provide the explanation. Possibly a combination of
the three possibilities conspired to speed up and damp the
atom-cavity oscillations for small numbers of atoms.

VI. CONCLUSIONS

We have achieved excellent time and state resolution in
these experiments on atom-cavity interactions, allowing
us to examine the dynamical behavior of the coupled
atom-cavity system. Several aspects of the data were
compared with theory, including the N dependence of the
collapse frequency v„, and the time evolution of the sys-
tem. There is good agreement between theory and exper-
iment for the data with more than about 50 atoms in the
cavity. For lower values of N, a discrepancy between
theory and experiment becomes evident. The discrepan-
cy appears to be associated with a line broadening mecha-
nism whose effects became progressively larger as N was
decreased, until it reached the point that it effectively
precluded useful single-atom studies. The most obvious
sources of line broadening —temperature and stray elec-
tric or magnetic fields —do not appear to be able to indi-
vidually account for the observations. Possibly a com-
bination of these effects is the cause of the problem. In
spite of the discrepancy between theory and experiment
for small N, the data presented in this paper confirm our
understanding of many aspects of the features of small
ensembles of atoms interacting with a cavity in the quan-
tum regime.
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