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Observation of Sub-Poissonian Photon Statistics in a Micromaser
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We describe the first investigation of the nonclassical radiation field of a micromaser. The maser cavi-

ty is cooled to 0.5 K to exclude thermal photons and has a quality factor of 3x10' . Velocity-selected
Rydberg atoms pump the maser. The photon statistics in the cavity are measured via the statistics of the
atoms leaving the cavity in the lower maser level. Taking into account a detection efficiency of 10%,
their fluctuations are reduced up to 40% below the Poisson level. This corresponds to photon-number
fluctuations in the cavity of up to 70% below the vacuum-state limit.

PACS numbers: 42.52.+x, 03.65.—w, 32.80.-t, 42.50.DV

The fact that electromagnetic radiation can show non-

classical properties has recently been widely discussed.
There are essentially three phenomena which demon-
strate the nonclassical character of light: squeezing (see,
for example, Ref. 1), photon antibunching, and sub-

Poissonian photon statistics (see, for example, Ref. 2).
Methods of nonlinear optics are mostly used to generate
nonclassical light, but in special cases such as single-

atom resonance Auorescence nonclassical radiation is

also obtained. In the following, we describe measure-
ments of the sub-Poissonian photon statistics in a micro-
maser. This setup allows the conditions necessary for
obtaining nonclassical radiation to be studied in detail to
afford a complete understanding of the generation pro-
cess.

The micromaser consists of a superconducting mi-

crowave cavity with a quality factor as high as 3&10' .
Rydberg atoms are injected at such a low rate that less

than one atom on the average is present inside the reso-
nator at a time. A transition between two neighboring

Rydberg levels is resonantly coupled to a single mode of
the cavity field. This maser setup has recently been the
object of detailed studies, both experimental ' and

theoretical. ' It allows one to test many aspects of the
interaction between single atoms and a single mode of a
quantized field. " Rydberg atoms with a very large prin-

cipal quantum number n are used since the probability of
induced transitions between neighboring states scales as
n . In addition, the spontaneous lifetime of the highly
excited states is very large. This has the consequence
that single photons are sufficient to saturate transitions
between adjacent levels. Because of the high quality fac-
tor of the cavity the radiation decay time is much larger
than the characteristic time of the atom-field interaction,
which is given by the reciprocal of the Rabi frequency.
It is therefore possible to observe the dynamics of the en-

ergy exchange between atom and field mode leading to
collapse and revivals in the Rabi oscillations. ' If the
mean time interval between atoms injected into the cavi-

ty is shorter than the cavity decay time, a field is built up
inside the cavity.

The photon statistics of this field are essentially deter-
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FIG. 1. Scheme of the experimental setup. The Rydberg
atoms are excited inside the liquid- He-cooled environment.

mined by the dimensionless parameter 8 =(N,
„

+1) 't Qt;„„whichcan be understood as a pump param-
eter for the micromaser. Here, N,

„
is the average num-

ber of atoms that enter the cavity during the lifetime of
the field and t;„,the time of flight of the atoms through
the cavity, which is determined by a velocity selector.
For most values of the parameter 6, the photon statistics
turn out to be sub-Poissonian. ' It thus differs from
that of standard lasers and masers, which generally show
a Poissonian photon-number distribution above thresh-
old. '

With the micromaser, the threshold is reached for
8 1. Here and also at 8=2tr and integer multiples
thereof, the photon statistics are super-Poissonian. At
these points, the maser field undergoes first-order phase
transitions. In the regions between those points sub-
Poissonian statistics are expected. The experimental in-

vestigation of this behavior is the subject of the follow-

ing.
The experimental setup is shown in Fig. 1. A highly

collimated rubidium atomic beam is used for the maser
experiment. The beam of atoms passes through a Fizeau
velocity selector. Before entering the superconducting
cavity, the atoms are excited into the upper maser level

63 p3y2 of Rb by means of the frequency-doubled light
of a cw ring dye laser. The laser frequency is stabilized
onto the atomic transition 5 s~y2, F=3 63 p3g, which
has a width of a few MHz determined by the laser
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linewidth and transit-time broadening. It is thus possible

to prepare a very stable beam of excited atoms. The ul-

traviolet light is linearly polarized parall 1 t th 1

e of the cavity. Only Bm =0 transitions are therefore
excited by both the laser beam and the microw fi ld.

e superconducting niobium maser cavity is cooled
own to a temperature of 0.5 K by means of a H~ s o a e cryo-

s a . t this low temperature the number of thermal

photons is reduced to about 0.15 at the maser frequency
of 21.5 6Hz. The cavity quality factor (3x10' ) corre-
sponds to a photon storage time of T,„.„=0.2 s. The cav-

ity is shielded against magnetic fields by several layers of
cryoperm. In addition, three pairs of Helmholtz coils are
used to compensate the Earth's magnetic field to a value

igh quality factor and to prevent the diA'erent magnetic
substates of the maser levels from m' '

dmixing uring the
ansitions romatom-field interaction time. Two maser tr

' f
t e 63 p3/2 to the 61 d3/2 and 61d d5/2 are studied.

The Rydberg atoms in the upper and lower maser lev-

els are detected in two separate field-ionizatio d t tn e ec ors.
e field strength is adjusted so as to ensure that in the

first detector the atoms in the upper level are ionized, but

not those in the lower level. Atoms in the lower state
emitted a photon in the cavity. When those atoms are
counted in the second detector, the number of maser

photons can be inferred. In addition, the variance of the
photon-number distribution can be deduced from the
number fluctuations of the lower-level atoms. In the ex-

periment, we are therefore mainly interested in the
atoms in the lower maser level.

Experiments are done under steady-state conditions.

counted for a fixed time interval T roughly equal to the

storage time T,„.„ofthe photons. By repeating this mea-

surement many times, the probability distribution p(N)
of finding N atoms in the lower level is obtained. The
normalized variance' Q, = [(N ) —(N) —(N)]/(N)
eval

is

aluated and is used to characterize the deviation from
Poissonian statistics. A negative (positive) Q, value in-

dicates sub-Poissonian (super-Poissonian) statistics,
while, =0 corresponds to a Poisson distribution with

—(N) =(N). The atomic Q, is related to the nor-

malized variance Qf of the photon number by

Q, =ePQf(2+Qg),

, wi enoting the proba-which was derived in Ref. 15 with P d h

bility of finding an atom in the lower maser level. It fol-

lows from Eq. 1) that the nonclassical photon statistics
can be observed via sub-Poissonian atom tmic s atistics.

e y erg atoms reducesThe detection efficiency t. for the R dber
the sub-Poissonian character of the experimental result.
The detection effiefficiency was 10% in our experiment; this
includes the natural decay of the Rydberg states between
the cavity and field ionization. It was determin d bermine y

oth monitoring the power-broadenede resonance line as a
function of flux and observing the Rabi oscillation for
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FIG. 2. Variance of the atoms in the lower maser level

as a function of flux 1V. near,, near the onset of maser oscillation for
the 63 -p 3/ 61 -d

&/ transition.

constant flux but diN'erent atom-fi ld t- e in eraction times.
In addition, this result is consistent with all other mea-
surements described in the following especially with

those on the second maser phase transition.
Experimental results for the t 't 6
61 d are

e ransition 63 p3/2
61 d3/2 are shown in Fig. 2. The measured normal-

ized variance Q, is plotted as a function of the flux of
atoms. The atom-field interaction time is fixed at
t;., =50 ius. The atom-field coupling constant ft (one-

p oton Rabi frequency) is rather small for this transi-
tion, 0 = 10 kHz. A relatively high flux of atoms
N,„)10 is therefore needed to drive th e micromaser
above threshold. The large positive Q, observed in the
experiment proves the large intensity fluctuations at the

e so i ine is plot-onset of maser oscillation at e =1. Th 1'd 1

te according to Eq. (1) using the predictions of the mi-

cromaser theory for Qf or the photon statistics. The er-
ror in the signal follows from the statistics of the count-

vals are
ing istribution p(N). About 2&10 measureme t

'
tmeasurement inter-

va s are needed to keep the error of Q, below 1%. The
statistics of the atomic beam is measured with a detuned
cavity. The result is a Poisson distribution. The error
bars of theo e flux follow from this measurement. The
agreement between theory and experiment is good.

The nonclassical photon statistics of the micromaser
are observed at a higher flux of ato 1a oms or a arger atom-
field coupling constant. The 63 ~61 dp3]2 5/2 maser
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FIG. 3. Same as Fig. 2, but above threshold for the

63-p 3i2 61-1si2 transition.

FIG. 4. Probability P,, (1Y„.) of finding the atom in the upper
maser level 63p3i for the 63p3~2 61dgip transition as a func-
tion of the atomic flux.

transition with 0 =44 kHz is therefore studied. Experi-
mental results are shown in Fig. 3. Fast atoms with an

atom-cavity interaction time of t;„,=3S ps are used. A

very low fiux of atoms, N,„&1, is already sufficient to
generate a nonclassical maser field. This is the case
since the vacuum field initiates a transition of the atom
to the lower maser level, thus driving the maser above
threshold.

The sub-Poissonian photon statistics can be under-
stood from Fig. 4, where the probability of finding the
atom in the upper level is plotted as a function of the
atomic flux. The oscillation observed is closely related to
the Rabi nutation induced by the maser field. The solid

curve was calculated according to the micromaser theory
with a velocity dispersion of 4%. A higher flux generally
leads to a higher photon number, but for Ã,„(10the
probability of finding the atom in the lower level de-
creases. An increase in the photon number is therefore
counterbalanced by the fact that the probability of pho-
ton emission in the cavity is reduced. This negative feed-
back leads to stabilization of the photon number. "

The feedback changes sign at a flux Ã,„=10, where
the second maser phase transition is observed at 8=2m.
This is again characterized by large fluctuations of the
photon number. Here, the probability of finding an atom
in the lo~er level increases with increasing flux. For
even higher Auxes, the state of the field is again highly
nonclassical. The solid line in Fig. 3 represents the result

of the micromaser theory using Eq. (1) to calculate Q, .
The agreement with the experiment is very good. The
sub-Poissonian statistics of atoms near N, „=30,Q,
= —4% and P=0.45 (see Fig. 4) are generated by a

photon field with a variance (n ) —(n) =0 3(n), w.hich is

70% below the shot-noise level. Again, this result agrees
with the prediction of the theory. The mean number
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FIG. 5. Variance g, of the atoms in the 1ower maser level

as a function of the measurement time interval T for a flux

%,, = 30.
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of photons in the cavity is about 2 and 13 in the regions

N,„=3 and N,„=30, respectively. Near N,„=15, the
photon number changes abruptly between these two
values. The next maser phase transition with a super-
Poissonian photon-number distribution occurs above

N,„=50.
Sub-Poissonian statistics are closely related to the

phenomenon of antibunching, for which the probability
of detecting a next event shows a minimum immediately
after a triggering event. The duration of the time inter-
val with reduced probability is of the order of the coher-
ence time of the radiation field. In our case this time is

determined by the storage time of the photons. The Q,
value therefore depends on the measuring interval T.
Experimental results for a flux N,„=30are shown in

Fig. 5. The measured Q, value approaches a time-
independent value for T & T,„.„.For very short sampling
intervals the statistics of atoms in the lower level show a
Poisson distribution. This means that the cavity cannot
stabilize the flux of atoms ir; the lower level on a time
scale which is short in relation to the intrinsic cavity
damping time.

To summarize, the experimental results presented here
clearly show the sub-Poissonian photon statistics of the
micromaser field. An increase in the flux of atoms leads
to the predicted second maser phase transition. It is in-

teresting that the maser experiment leads to an atomic
beam with atoms in the lower maser level showing num-

ber fluctuations which are up to 40% below those of a
Poissonian distribution found in usual atomic beams.
This may lead to interesting new applications, especially
in atomic interferometry, which is now being much dis-
cussed.

We wish to thank N. Klein for his help in preparing
the superconducting cavities.
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