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Observation of Sub-Poissonian Photon Statistics
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The number of photons emitted in a short time interval by a single atom in the process
of resonance fluorescence is measured, and it is shown that the probability distribution

of this number is sub-Poissonian.

PACS numbers: 42.,50.+q, 12.20.Fv, 32.50.+d

Among the possible quantum states of the elec-
tromagnetic field there exist numerous states
for which the probability distribution p(n) of the
photon number 7 is narrower than Poissonian,
or the variance {(An)?) is smaller than the mean
(n). Although one tends to think of sub-Poisson-
ian statistics as associated more with fermions
than bosons, photons can exhibit a great variety
of different probability distributions when they
are not in thermal equilibrium, Unlike states of
the field with {(A#)?)=(n), those exhibiting sub-
Poissonian statistics have no classical analog,
and are describable only quantum mechanically.

If 7 is the photon number operator,' it may be
shown that the dispersion of 71 is given by?™*

((any?)=()+ [ (AU {ve Ddlve ), (1)

where ¢({vi,}) is the diagonal representation of
the density of the operator of the field in terms of
coherent states l{l/i:' o2 (E,s labels the modes),
and U=2;% IV“k"'s [> is the c-number correspond-
ing to the total photon number operator 7. It is
clear from this equation that ¢({vy ,}) cannot be
a probability density whenever (A#)?) < (@), so
that we are dealing with an optical field without
classical analog. Examples of such fields are
provided by the so-called squeezed states,®>"® and
by the fields produced in harmonic generation,®!°
in parametric processes,'*'? and in resonance
fluorescence from a coherently driven atom,!3-1¢
Despite the fact that photons are readily counted
with photomultipliers, no direct measurement of
sub-Poissonian photon statistics has so far been
reported, although the photon antibunching exhib-
ited in the process of atomic resonance fluores-
cence, i.e., the tendency for fewer photons to be
emitted close together in time than further apart,
has been demonstrated.!” The reason is that the
statistical narrowing is usually very small, and
in the atomic beam experiments fluctuations in
the number of atoms cause photon fluctuations
that tend to mask the sub-Poissonian character
of the photons from one atom. Although they are
often associated, antibunching and sub-Poisson-
ian statistics are distinct effects that need not

necessarily occur together,!®

We wish to report the results of measurements
in which sub-Poissonian photon statistics in the
emission from a coherently excited atom were
observed directly, both before and after certain
counting corrections were made.

The apparatus has a good deal in common with
that used in the earlier experiments.!” A weak
beam of sodium atoms from a thermal equilib-
rium oven, so weak that the individual atoms are
separated on the average by about 10 usec in
time and about 1 cm in distance, provides single
atoms. The beam is crossed at right angles by
the circularly polarized light from a dye laser
tuned to the 3%S,,,, F =2 to 32P,,, F =3 transition
of sodium. The laser is stabilized in intensity to
a few percent, and in frequency to 1 or 2 MHz,

A prior crossing light beam prepares each sodium
atom to be in the 3%S,,,, F =2, m, =2 magnetic
sublevel by optical pumping in a weak magnetic
field, and from here the second light beam can
excite it only to the 32P,,,, F =3, m, = 3 quantum
state.!” The excited atom can spontaneously emit
a photon, return to the 32S,,,, F =2, m, =2 state,
and then become excited again, and this cycle may
be repeated several times during the microsecond
or so that the atom takes to pass through the laser
field. Some of the emitted photons are collected
by an f/0.55 microscope objective, and imaged

on photomultiplier B, where they are counted dur-
ing a 200-nsec counting interval. What makes the
measurement difficult is the low detection prob-
ability, and the need to keep the exciting field
from becoming too strong, when the departures
from Poisson statistics become difficult to ob-
serve. This means that the photon emission rate
has to be kept low. As a result, a great deal of
care has to be taken to reduce background counts
produced by elastically scattered photons from
the exciting laser beam. This is achieved by
placing light traps close to the interaction region
to absorb the main laser beam and some of the
scattered light, and by limiting the photon ac-
ceptance angle with apertures. The phototubes
are cooled to — 30°C to reduce dark current.
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Fewer than 1% of the photon counts were due to
scattered light or other background in our meas-
urements,

The essential features of the experiment, that
made the sub-Poissonian statistics observable,
were (a) the use of an atomic beam so weak that
with high probability only one atom is present in
the field of view of the microscope objective at
one time, and (b) the use of an auxiliary detector
for registering the arrival of the atom and gat-
ing-on the counting electronics. The latter is
achieved by splitting the image formed by the
microscope objective into two portions. The
light from the first part, corresponding to a 50-
um-long region of the atomic beam, is directed
to photomultiplier A, while the light from the
second part, corresponding to an adjacent 425-
um region of the same beam, is sent to photo-
multiplier B. When A registers a photoelectric
count, after a 90-nsec delay to allow the atom
time to leave region A and enter B, the counter
associated with detector B is activated for a 200-
nsec-long counting interval 7. It can be shown
that the atom remains in region B during the
measurement about 98% of the time. The number
of counts # registered during the interval T is
recorded by treating » as an address in a compu-
ter memory, and incrementing the number N ()
stored at address #n by unity. After many similar
counting cycles, the numbers N(z) of events n
(n=0,1,2,...) provide a measure of the probabil-
ity p(n) of detecting n photons through the rela-
tion p(n) = N(n)/N, N=3, p(n). In practice,
the photon counting rates were always so low that
even in many hours of data acquisition N(») and
p(n) remained indistinguishable from zero for
n> 3, and only one event n=3 was observed. N(2)
therefore plays the dominant role in determining
the width of the probability distribution p(%).

The results of 11 million separate counting
measurements are presented in Table I. The
strength of the exciting field was such that the
ratio of the atomic Rabi frequency & to half the
natural linewidth B=3.1X107 sec™ for the transi-
tion was close to unity. The uncertainties are
standard deviations based on the observed num-
bers N(n). If the probability p(n) were Poisson-
ian with the same mean {n), the expected num-
bers N,(n) would be given by

N,(n)=N{n)"e "Y/n!, (2)

and these are shown in column 2 of Table I, It
will be seen that N,(2) is significantly larger than
the observed number N (2) by five standard devia-

TABLE I. Observed and corrected experimental re-
sults for photon statistics and comparison with a Pois-
son distribution,

Observed Poisson Corrected Poisson
N 11025000 11025000 10927000 10927000
N(@O) 10953136 10953201 10859079 10859165
N(1) 71695 71565 67797 67624
N(2) 168 234 123 211
N(3) 1 0.5 1 0.4
{n) 0.00653 0.00653 0.00623 0.00623

+0,00003 +0.00003
Q -0.00183 0 —0.00252 0

+0.000 38 +0,00040

tions, so that the observed distribution is evident-
ly narrower than Poissonian, A convenient param
eter that measures the narrowing as compared
with a Poisson distribution is*® @ =[{(A#)2)-{n)|/
(n), which is negative for {(An))2<{n). From

the raw data in column 1 of Table I we readily
find that @ =- 0,001 83+ 0,000 38, which provides
statistically significant evidence for a sub-Pois-
sonian distribution.

However, a number of corrections should be
applied to the measured data. These include the
correction for dead time of the counting electron-
ics, the correction for spurious multiple counts
of the photodetector, and the corrections for
counts produced by background and by the occa-
sional presence of an unwanted atom in the field
of view.

Our counting circuits had a dead time of T~ 8
nsec after each count. I the photons arrived
completely at random (and of course they do not),
this would cause the numbers N(2) to be too small
by the factor 1+27, /7. It is worth noting that
even if N(2) were increased by this factor the
probability p(n) would still be clearly sub-Pois-
sonian, However, because of the nonrandom pho-
ton emissions, this factor substantially over-
estimates the effect of dead time. A more realis-
tic assessment of the correction can be obtained
from the conditional probability @, that given one
photon count at some time ¢, a second photon
count arrives during the subsequent time inter-
val T, when the counter does not respond. @, is
expressible in the form*

(Pc=a(1)[TD+fOTD A(7)d7], (3)

where (I)=(%n)/aT is the average intensity or the
photon arrival rate at the detector, « is the de-
tector quantum efficiency, and X (7) is the normal-

385



VoLUME 51, NUMBER 5

PHYSICAL REVIEW LETTERS

1 AucusT 1983

ized, normally ordered intensity correlation func-
tion, whose form has been calculated.!® The first
term in Eq. (3) gives the probability associated
with random events, while the second term cor-
rects this for the nonrandom statistics, and we
find that

®, =) (Ty/ T) 5 (Q2/B%+ 2)(BT,)*+ O(BT,)°]. (4)

The number of events N(n), corrected for those
lost due to dead time, is then obtained by increas-
ing the observed N(n) by ®. N(z-1) (n=2,3,...).
Numerical estimates show that ®, ~8 X107, so
that very few events are actually expected to be
lost because of counter dead time,

The photon-counting corrections for spurious
afterpulsing, for background, and for the pres-
ence of an unwanted atom in the field of view act
in the opposite direction, in that they tend to make
the distribution narrower and @ more negative. .
An auxiliary experiment with white light showed
that any given photoelectric pulse has a probabil-
ity ¢~ 5x107* of being followed by a spurious
pulse within a time interval T =200 nsec. It fol-
lows that a certain number of events N(2),N(3)
are therefore expected to be spurious, and N(»)
should be reduced by (¢ /2)N(n - 1) for n=2,3,
while N(1) is increased by £¢gN(1).

In order to correct for background, we com-
pare the average counting rates R, ~ 41000 sec™,
R;~32670 sec™® of the two detectors when there
is an atom in the corresponding field of view with
the rates R,’~ 270 sec™!, Ry’ ~ 1827 sec™® of the
same two counters averaged over a long time,
and with the background rates R,” ~ 2.4 sec™,
R;"” ~15.8 sec™ measured with the atomic beam
turned off. We first note that the starting se-
quence initiated by counter A has a probability
®,=R,"/R,’ ~8,9X1073 of being due to a back-
ground count, The counts registered by B during
these false starts would then also be caused by
background and should be subtracted. If they are
distributed in an approximately Poissonian man-
ner, with mean Rz"T ~3,2X107¢, then the meas-
ured N(z) should be reduced by NP, (R," T)"/n!
Actually, there is evidence that the background
is non-Poissonian, but the correction is neg-
ligible in any case for » = 1. Secondly, some
counts registered by counter B are attributable to
background even when the counting sequence is
initiated by an atomic photon, and this leads to
the further reduction of N(n) by Rz"TN(n - 1)
+(Ry" T)?N (n - 2) [with N(n)=0 for n<0].

In order to correct for the counts produced by
the occasional presence of an unwanted atom, we
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start from the probability P,.=(Ry’ —Rz")/(R,
—Rp")~ 0,055 that there is an atom present in
the field of view of detector B at any arbitrary
moment. This atom has a probability P.,= (R,
—Ry")T ~6.5 X1073 of generating a photon count
during the interval T'. It follows that some of the
events N(n) (n=1,2,...) registered by counter B
are attributable to atoms other than those re-
sponsible for triggering counter A. We can cor-
rect for the counts produced by these unwanted
atoms by subtracting P,;P., N(n - 1)+ P, ,2P. 2N (n
-2)(n=1,2,...) from N(n) and adding P,,P,,N(0)
to N(0). The numbers obtained after the various
corrections are made are also shown in Table I,
and they clearly demonstrate that the photon
counting distribution p(n) is sub-Poissonian.

Finally, we attempt to make some comparisons
of the observed numbers with the theory of atomic
resonance fluorescence. The average rate ® at
which a two-level atom in a resonant coherent
field emits photons is given by!3:*4

102 /p2
& =<T——€;,fjﬁéﬁ 1)26. (5)

2

Some fraction f of these spontaneously emitted
photons is collected by the optical system, a frac-
tion g of the collected photons reaches the count-
ing photomultiplier B, and a fraction ay of the in-
cident photons gives rise to a photoelectric count.
oy is the quantum efficiency of the detector, which
is estimated to be 15% at the 5890-A wavelength
of the atomic transition, It follows that the ex-
pected counting rate of detector B, after subtrac-
tion of background, is Rz—Ry"=®fga,. f was
calculated to be 0,067 for our microscope objec-
tive,!” and from the transmissivities of the var-
ious glass windows and lenses we estimate that
g~0.4, With =3.1X10" sec™®, ©/B=1, this then
leads to Rz—Ry" ~ 40000/sec, with an estimated
uncertainty of about 25%, which is in fair agree-
ment with the observed values. The expected
value of the parameter @ that measures the de-
parture from Poisson statistics is given by*®

Q = fga,®T{(2/T? [lar' [} at” [1+x(1")] -1},
(6)

and evaluation of the integral with x(7) given by
Refs. 13 and 14 leads to!®

Q ~(-0.59)fgay~ - 0,0023+ 25%, (M

and this is also in reasonable agreement with the
observed value given in Table I.

We conclude that our results are consistent
with the QED theory of resonance fluorescence,
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and within the somewhat large statistical uncer-
tainties resulting from the low frequency of de-
tecting photon pairs, that the sub-Poissonian
character of the emitted photons-is confirmed.
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