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Measurements of Photon Correlations in Partially Coherent Light*
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Measurements have been made of the distribution in time of arrival of photons produced in a low-pressure
Hg»8 discharge. SuKcient calibration was done so that the measurements could be directly compared with
the predictions of a calculation oi G&'& (si,xm, sr, s&), the second-order coherence function. Correlations were
observed in a mixture of light from two independent sources and between orthogonally polarized components
of a beam initially in a pure polarization state.

INTRODUCTION

E have performed two sets of measurements of
photon time-of-arrival distributions in beams

of Gaussian light. The 6rst set of measurements was
designed to investigate the second-order interference
between independently generated photons from widely
separated parts of a light source; essentially photons
from two separate sources. The second set of measure-
ments was of the second-order interference of photons
in orthogonally polarized beams of light. In this case,
Qrst-order interference is impossible, but second-order
interference is easily observed. In each case the inter-
ference consists of a 1-nsec peak 11%above the back-
ground in the curve of counting rate versus time delay
for two consecutive photons.

In both these experiments light from a single very
narrow spectral line produced in a low-pressure mercury
discharge was collimated to a high degree of spatial
coherence and. was allowed to fall on the cathodes of
two photomultipliers. When an output pulse from one
photomultiplier indicated the arrival of a photon, the
time interval until the arrival of the next photon at the
other tube was recorded. This distribution in time
intervals shows an excess number of counts for time
intervals short compared with the coherence time of the
hght, the well-known "bunching" of photons. This
second-order interference eGect was used to investigate
correlations between photons from two sources and
between orthogonally polarized photons.

Photon time-of-arrival measurements are an extension
of the pioneering experiments of Hanbury Brown and
Twiss, who erst extended second-order interference
measurements from the rf ' region to the optical region
of the electromagnetic spectrum. These 6rst measure-
ments were done by multiplying together the outputs
of two square-Iaw detectors In partially coherent 6elds
produced by laboratory sources' and stars. ' Rebka and
Pound, 4 and subsequently three other groups, ' later
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observed the same second. -order interference by doing
photon coincidence counting experiments on laboratory-
produced light. Recently' the photon coincidence ex-
periment has been modified so that a distribution in
delay times can be measured in one run. These photon
time-of-arrival experiments show a reasonably large
and easily detectable second-order interference eGect.
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APPARATUS

The light source was a 7-mm-diam 100-mm-long
quartz tube 611ed with argon to a pressure of 2 Torr and
containing about I mg of Hg"8. An electrodeless dis-
charge was maintained in the tube by placing it in an
untuned coaxial cavity excited by about 10 W of
3-Gc/sec rf power. Light was taken from one side of the
discharge tube, the opposite side being cooled. by an air
stream strong enough to keep the outsid. e of the tube
near room temperature. Cooling only the back side of
the tube helped. to prevent forcing the light to leave the
hot central gas through a layer of cooler gas, a situation
which encourages line reversal.

The light from the discharge tube escaped from the
microwave cavity through a &~-in. hole and. illuminated.
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a 0.18-mm-diam aperture about 1 in. away (Fig, 1).
A band. -pass interference S.ter with a central wavelength

of 4360 A and a 70-A bandwidth assured that only the
light from the 4358-A mercury hne was used. In some

cases a Polaroid right-hand circular polarizer was

placed immediately after the interference 61ter.
A second aperture 135 cm from the 6rst and 3.19

mm in diameter provided a slowly diverging beam that
was 60% spatially coherent. After passing through the

second aperture the light struck a TiO~-coated glass
beam splitter at an angle of 7'. Use of the beam splitter
at almost normal incidence made the reflection (55%)
and. transmission (45%) codlicients independent of
polarization to within about 1%.The transmitted light

illuminated a spot about 8 in. in diameter in the center
of the cathode of photomultiplier ].. The reflected light
was redirected by a first-surface aluminized mirror and

illuminated a g»-in. spot at the cathode of photomultiplier

2. The optical path from the splitter to each photo-
multiplier was 14.0 in. When used, a piece of Polaroid
HN38 linear polarizer was placed 4 in. in front of each
photocathode.

The photomultipliers were RCA 8575's run at, 3000 V
between anode and cathode. They were covered with a
copper foil at cathode potential (—3000 V), two layers

of Mylar, a Mumetal shield, and an aluminum light-

tight housing. The anode pulses from each tube were

divided by a 50-0 matched tee and led to two Chronetics

model 110 discriminators (Fig. 2). One discriminator

accepted all pulses above 100 mV and produced stand-
ardized 250-mV-high 30-nsec-long output pulses. These
pulses were overlapped with similar pulses from a dis-

criminator connected to the other photomultiplier in a
time-to-height converter which converted the pulse

overlap time to a pulse height. The pulses from tube 2

were delayed by 15 nsec with respect to the pulses
from tube 1 so that simultaneous photoelectrons pro-
duced an output pulse in the middle of the time-to-

height converter's range. The output pulses from the
time-to-height converter were analyzed and stored in
the first 200 channels of a TMC 400C pulse-height

analyzer.

The second discriminator connected to photomu1. ti-
plier 1 was set to accept only pulses over 125 mV and
its 15-nsec-long output pulses were sent to a coincidence
circuit. The second input to this circuit came from the
output of a 125-mV discriminator connected to tube 2.
The time-to-pulse-height converter was gated on only
when there was an output pulse from the coincidence
circuit indicating that there had been photomultiplier
output pulses over 125 mV from each tube and that the
two pulses were within 30 nsec of each other. For pulses
very near threshold the 100-mV discriminator output
pulses appear with a time delay that is inversely pro-
portional to the input pulse height. The double dis-
criminator system was used to eliminate this time slew-

ing by allowing only pulses well above the threshoM, of
the timing discriminator to be analyzed.

The coincidence counting rate varied between 4 and
0.3 counts per second depending on the number of
polarizers in the beam. The memory of the pulse-
height analyzer was read out onto paper tape once each
day but not reset to zero. At the end of a run (2 to
20 days) the data on the anal tape were plotted. No
adjustments of any kind were made to the data.

CALIBRATIOÃ

Mercury Lamp

The power spectrum of the 4358-A, Hg"' line was
measured, using a Fabry-Perot interferometer which had
a 4-in. clear aperture and a measured finesse of 12.
The interferometer was piezoelectrically scanned and
aligned. The mirrors were Qat to ~'& of a wavelength of
sodium light and aluminized to a reQectivity of 80%.
The mirrors were separated by ~» in. for one series of
runs and by 2-„' in. for a second series.

A real image of the ring pattern was formed by a
50-cm focal length lens which focused the center of the
pattern onto a 0.2-mm aperture in front of a 931 A
photomultiplier. The output of the photomultiplier,
corresponding to the intensity of the central bright
spot of the interference pattern, was ampli6ed and
plotted by a chart recorder. For each run the length of
the cavity was scanned over a range of about five half-
wavelengths by a sawtooth voltage applied to the piezo-
electric cylinder on which one mirror was mounted.
The width of the peaks on the chart records was
corrected for the interferometer finesse and divided by
the peak-to-peak distances to provide the full width at
half-maximum of the Hg'9 line in terms of the distance
between the interferometer mirrors. The spectral width
was found to vary with the excitation of the lamp and
ranged from 1.6+0.3 to 2.0&0.3 Gc/sec (FWHM)
under the conditions used for the various correlation
runs. Expressed in terms of wavelength, these widths are
0.010+0.002 K and 0.013&0.002 A. The line shape as
a function of angular frequency co can be expressed as
a Gaussian with standard deviations 0- of 4.3&109and
5.3&(10' rad/sec in the two cases.
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CFRENKOV SOURCE
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Fxo. 3. The time spectrum of
output pulses from the two 8575
photomultipliers with coincident
single-photon inputs. The full width
of the curve at half-maximum is
j..S nsec. The curve is drawn by
hand to Gt the points.
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EIectronics

The fast electronics Rnd pulse-height analyzer were
calibrated in nsec per channel by using a fast-rise pulse
generator to send simultaneous pulses to the Inputs of
the four discriminators. The pulse-height analyzer
chRnnel ln w'hlch these coUnts were sto1ed corresponds
to zero time delay. Introducing a 77.25-in. length of
RG58A/U cable, in which the velocity of propagation
is 65.9%of the velocity of hght, before one dlscriIIllnator
delayed its input pulse by 10.0 nsec. The pulse-height
analyzer gain was adjusted to throw the resulting counts
into the 50th channel above the zero-time channel. Kith
the 10-nsec delay cable inserted before the other dis-
criminator, the counts Ml 50 channels below the zero-
time channel. In this way the electronics were cali-
brated to 200 psec per channel with respect to a known
length of coaxial cable. Running with a pulser input,
all of the recorded pulses fell into a single channel and
the position of this channel was stable over periods of
days. This indicates a time resolution and stability of
the electronics of better than 200 psec.

photomultiy1ier Time Reso1ut~on

The spx'CRd lQ time of photoIQUltlpllex' oUtput pUlses
for coincident input photons was measured by shining
a weak source of simultaneous single photons on the two
photocathodes. The sumultaneous photon source was
made by allowing a collimated beam of electrons from
a 100-pCi Sr90YQO source to produce Cerenkov hght in
Plexiglas. The electrons have a maximum energy of
2.2 MeV and a maximum range of about ~~ in. Each
electron produces at most 50 photons in the wavelength
interval between 3000 and MOO A. These photons
leave the Plexiglas simultaneously. VVith the photo-
cathodes about 5 in. away from the Cerenkov source

most of the photons produced by each electron go un-
detected, but two photons produced by one electron
do hit the two cathodes often enough to give a coinci-
dence counting rate of about one event per second.
After a running time of several hours the pulse-height
Rna]yzer time distribution looks like Fig. 3. This curve
of photomultiplier time resolution is a Gaussian with
full width at half-maximum of 1.5 nsec, corresponding to
R standard deviation of 0.63 nsec.

Photon Detection EfBciency and Noise

The light energy at each photocathode due to the Hg
source was measured by replacing each photomultiplier
by a 6655R phototube that had been calibrated against
a blackbody source. Kith no polarizers in the beam,
260000 photons/sec arrived at each photocathode.
Khen viewing the same beam, the 8575 photomulti-
pliers produced 31 000 output pulses per second which
were above the 125 mV required to trigger the output
discriminators, leading to a photon detection efhciency
of 12%.Since the cathode efficiency is near 25% on these
tubes, this indicated that 50% of the single electrons
leaving the cathode produced output pulses higher than
125 mV. The photon detection efficiency does not affect
the time-of-arrival distributions since only the ratio of
peak height to background height is wanted, and the
photodetection eQiciency Rejects peak and background
equRlly.

- At 24-h Intervals dux'lng CRch correlRtlon 1un Rn
electromagnetic shutter was closed, interrupting the Hg
lamp beam. The noise rates from. each photomultiplier
varied from 200 to 600 counts/sec, depending on the
temperature and humidity. This low noise rate (400
to 1200 electrons/sec leaving the 16.5-cm' cathode)
was only achieved after the tubes had been in the dark
for several dRys.
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COUNTING-RATE CALCULATION

Second-Order Correlation Function

Prediction of the distribution of photon arrival time
dlfkrences RDd cRlculatlon of the associated second-
order coherence function has been done both semi-
classically'~ and quantum-mechanica/ly. "The most
instructive way to calculate the counting rate for the
annihilation of two photons separated in time by ht is
to use the elegant formulation of quantum coherence
theory developed. by Glauber. s The counting rate of a
100j~ eRcient detector when the Geld is initially in a
pure state Ii) is

Nth-order correlation function is dedned as

(xl+sy
' ' ' )xn j xn+1y ' ' '+sn)l (e)f

=TrLpAt(xg)At(xs) At(x„)A(x„+g) . A(xs )g, (4)

where xg denotes the space-t&me point (1;,r;). In par-
ticular, the 6rst-order correlation function that arises
ln most of the usuRI lntelfelence experiments ls

Go&(xg,xs) =Tr(pAt(xg)A(xs)),

expressing the correlation between the 6eld, evaluated
at two dMerent space-time points. The second-order
function lS

(1) G's&(xgxs, xsx4) =Tr(pAt(xg)At(xs)A (xs)A (x4)). (6)

where (f I
is a suitable but unmeasured 6nal state, and

Al and A2 are 6eld. operators which are the positive-
frequency parts of the electric Md at the two photo™-

cathodes. It should be pointed out that the distribution
in delay times measured with a time-to-height con-

verter corresponds to the probability of detecting a
photon at time t and. another at time t+ht only when

there is no other photon detected between 5 and /+at,
since the converter records the time difkrence between
a detected photon and the eex$ detected photon. For
the present experiment, the average interval between
events is so long compared with the time interval of
interest that the measured distribution is indistinguish-

able from tile actual dlstllbutlon lD alrlval times. The
general case of two-photon measurements with a time-

to-height converter is treated in Ref. 10.
When the sum is performed, in Eq. (1), the counting

rate becomes the expectation value in the state Ii)
of a product of four 6eld operators

g;g„&——(A stA pter gA s);.

For fields prod. uced by thermal light sources the initial

stRte of the 6eM ls not a pure stRte but R mixed state
made up of a sum of pure states with statistically

varying amplitudes and. phases. This mixture is de-

scribed by p, the density matrix for the Geld, in terms of

which the expectation value of the product of field

operators becomes

R;g.,&
——Tr(pAstA gtA gAs) .

A comparison between this expression for the two-

photon counting rate and. the second-order correlation

function as usually de6ned in the theory of partial

coherence shows that they are identical. In general, the

7 L. Mandel and E. Wolf, Rev. Mod. Phys. $7, 231 (1965).
8 R. J. dauber, Phys. Rev. 131, 2'N6 (1963); in Quuwtlte 0P-

ties aid E/eckog~cs, edited by C. De%itt, A. Slandin, and C.
Cohen-Tannoudji (Gordon and Breach, Science Publishers, Jnc.,
New York, 3.965).

9 John R. Klauder and E. C. G. Sudarshan, Ileldueseetuls of
QNaetges 0Ptjes (%.A. Benjamin, Inc., New York, j,968).

"F.Davidson and L. Mandsi, l'. AppL Phys. S9, 62 (1968).

The special case of 6(') that corresponds to the two-
photon time d.istribution function is that in which
La=$2 Rnd $4=$yq thRt ls) only two space-tlIne points
are involved:

G&'&(x,x,x,x,)=Tr(pg, tg,tg,g,)=g,.„„, (7)

and it can be seen that a measurement of the two-photon
counting rate corresponds to a measurement of the
second-order correlation function at two space-time
points. The dependence of G") on the spatial difference
between the points xl and. x2 is integrated to provide the
spatial coherence factor. The two-photon counting rate
data are presented as the dependence of G&') on ht, the
time difference between the points x~ and x2.

For thermal light, with its characteristic Gaussian
distribution of amplitudes, it is possible to show that'

G&'&(x x x x)=G&'&(x x)Go&(x x)
+G&'&(xgxs)G&'&(xsx&). (8)

This reduction of the second-order correlation function
to a sum. of prod, ucts of' 6rst-order correlation functions
results from the vanishing of terms with an unmatched
number of photon creation and annihilation operators
when the exponential (Gaussian) amplitude integrals
and the four sums over propagation vectors are d.one.

The 6rst-order correlation functions for a polarized
quasimonochromatic cross spectrally pure Gaussian
light source are

Go&(xzxg) =Go&(xsx,)=I,

(10a)

(10b)

total hght intensity, p(lt). is its angular dis
t6bution, and, g(o&) is its frequency distribution. For a
Plane-wave beam completely spatially coherent, p(k)
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=8(k—ks), q(Ar)=e)q)sks hr, and the second-order
correlation function becomes

G "(xtxsxsxt) =I'(1+
/ f(cQ) J'). (1l)

For the 4358-A Hg hne used in the present work, the
Doppler-broadened line shape is a Gaussian function of
frequency centered at coo and with standard deviation

l.o

g(o)) —(2x(r )—t/s& —(or coo) s/seeP

Its Fourier transform,

f(g/) &(usage (tU)-s/sop (13)

is a Gaussian function of time with standard deviation
o& ——1/o„. Finally, the two-photon counting rate for a
pair of noiseless, 100%-eflicient detectors as a function
of the difference in time of detection of the two photons,
for a completely spatially coherent beam in a pure
polarization state, would be

G(t) (xtxsxsxt) =P(1+e (ao'/'"&') (14)

~ 5Q

Fro. 4. A plot of the spatial coherence factor S versus s do/kL
for 1ight of wavelength X passing through tv' circular apertures
of diameter e and d, separated by a distance J.. For the conditions
of this experiment, s sf/XL was 3.04 and S was 0.60.

Expected Counting Rate

For light from a single Hg line of wid. th 1.6 Gc/sec
the standard deviation of the square of the Fourier
transform of the line shape is 0.17 nsec. %'ith this
value of or, Eq. (11)for the counting rate as a function
of di6'erence in arrival time for a photon pair predicts
a background rate of P independent of ht and a peak
centered at zero time delay of height P above the back-
ground and 0.1/ nsec wide. To convert Eq. (14) into an
expression that corresponds to the actual experimental
conditions it must be modi6ed to take into account one
e8ect that decreases the entire counting rate, three
eBects that lower the relative peak height, and. one eBect
that tends to both lower the relative peak height and
increase its width. The 12% detection effKiency of the
photomultipliers decreases the entire counting rate,
leaving the peak-to-background ratio unchanged. . The
eGects which lower the relative peak height are the lack
of complete spatial coherence in the beam, the polari-
zation state of the beam, and the spurious counts due
to photomultiplier noise. To take these into account a
correlation factor C, which is the product of factors S
due to the incomplete spatial coherence, S due to
photomultiplier noise, and. I' due to the polarization
state of the beam, is allowed to multiply the exponential
term in the expression for the counting rate.

The 6nlte t1QM-resolution capab111t1es of the photo-
multipliers increase the width of the peak and lower
its height, keeping the number of counts under the
peak constant. The function ( f(dd) ~s must be con-
voluted with the photomultiplier time resolution func-
tion to give the expected. experimental curve. Since both
functions are Gaussian, this has the eGect of widening
the peak by a factor of o „/o r and reducing its height by

o r/o~. The width (r~ is the square root of the sum of the
squares of the photomultiplier time resolution and cry.

%ith these modilcations the two-photon counting
rate for a real detector becomes

(15)

where Eo contains the light intensity and. the photo-
multiplier detection efficiencies and noise rates. For the
experiments recorded here the correlation factor C
was between zero and 0.57, 0~ was 0.66 nsec, and ~pg 0„
was between 0.21 and 0,26. Under the cond. itions of these
experiments the wid. th of the peak is largely inQucnced
by the photomultiplier time resolution and its height is
directly proportional to the coherence of the beam.

The spatial coherence of the beam is determined by
the size and. separation of the 0.18- and 3.2-mm
apertures. If the departure of the beam from a uniform
plane wave is taken into account, (g(lh) ~' must be
integrated, over the second aperture to provide the
spatial coherence factor S.

For a uniformly illuminated circular 6rst aperture of
diameter o, (f(hr) evaluated in the plane of the second
aperture becomes

//2~ e )- 2x e

&)(L, 2 ) )L, 2

where X is the wavelength of the light, I is the distance
between apertures, and J~ is the usual Bessel function.
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The integra1 of i q(hr) i' over a11 pairs of points within the second aperture is

0 0 0

Jg((~u/XL)grP+r ' 2rfF—t cos(e~—tt )Ji') '
X~18tld~lf'2dt'2d02

(s u/XI )(rP+ r2 2ri—rm cos (Hi 8—2)j'I'

where d is the diameter of the second. aperture. This
expression for the spatial coherence was numerically
integrated and the results are shorn as a function of
ad/XL in Fig. 4. For the aperture sizes and separation
in the present experiments, 5=0.60.

Photomultiylier Noise

Since the pulse-height distribution of photomultiplier
output pulses caused by single electrons leaving the

cathode is roughly exponential and has almost the same
shape for photoelectrons and for noise electrons, it is
impossible to completely separate photoelectron counts
from noise counts. The noise counts are completely
uncorrelated and reduce the correlation factor. H Si
and S2 are the photoelectron counting rates for tubes
1. and 2, and. Ej and E2 are the noise rates, the
contribution of the noise counts to the correlation
factor is

S=S|$2/(Sg+ Eg) (Sg+$2) .
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Sr and $2 were each about 300 counts/sec. Sr and $2
ranged from 3000 to 30 000 counts/sec due to the 30%
absorption of each of the polarizers in the beam. S was
between 0.78 and 0.98 for the various runs.

RESULTS

SingIe Source

The counting rate as a function of time delay for
light from the 4358-A Hg line is shown in Fig. 5(a).
Horizontal polarizers which transmitted the horizontal
polarization component of the light and absorbed the
vertical component were placed in front of each photo-
tube. For this completely polarized light, the polariza-
tion coherence factor I' is equal to 1.For this run E was

0.94, C was 0.57, and Oz was 0.13 nsec. Events were
accumulated over a total period of 170h. The expected
counting rate which is plotted as a solid curve in Fig.
5(a) was

E(ht) =Ro(1+0.12e &~'&'I'&'"&') .
The measured points agree well with this curve.

DoubIe Source

Beams from two regions of the Hg discharge tube
separated by 1.5 in. in a direction perpendicular to the
viewing direction were combined using a Ti02 beam
splitter and illuminated the 6rst aperture as in Fig. I.
The remainder of the apparatus was identical to that
used to make the above measurement of correlations
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from a single region of the discharge tube. The correla-
tion factor and the predicted. curve of E(bt) were also
essentially identical to the single source measurement.
Events were accumulated. for 160 h. The resulting
pllotoI1 correlation data Rl'c sllow11 111 Flg. 5(b), Rlld

are seen to be identical to the single source data. This
result indicates that correlations between photons
from two independent sources can be seen if the photons
are made indistinguishable by arranging that their
central frequencies and propagation vectors overlap.
This would seem to con6rm that photon correlations do
not arise from stimulated. emission or other atomic
cooperation eGects in the source, but from the indis-
tinguishability of the photons themselves. If photons
from source A were correlated, only with other photons
from source A and. not with photons from source 3,
the height of the peak in the measurement of Z(ht)
would be half the observed height.

Orthogonal Polarizatton

In this run, light from a single source illuminated the
erst aperture. A horizontal polarizer was placed in front
of one photomultiplier and a vertical polarizer was
placed in front of the other. The signal-to-noise con-
tribution to the correlation factor was X=0.88 and Op

was 0.17 nsec. Since two orthogonally polarized com-
ponents of a light beam originally in a mixed state of
polarization (unpolarized) are statistically independent,
the polarization contribution to the correlation factor

is zero and, the counting rate is expected to be inde-
pendent of dd. ' Figure 6(a) shows the data for orthogonal
polarizers in an unpolarized, beam for a counting period
of 40 h. No correlation peak is evident.

Orthogonal Polarization in a Polarized, Beam

The apparatus in this run was identical to that in the
previous run except that a right-hand circular polarizer
which absorbed the horizontally polarized component
of the original beam and. converted the vertical com-
ponent to right-hand circular polarization was placed
unmediately after the first aperture. The beam leaving
this polarizer was in a pure polarization state: an
eigenstate of circular polarization but not an eigenstate
of linear polarization. For a pure polarization state the
horizontal and vertical components are completely
correlated and. the polarization part of the correlation
fRctol 111 tllc cxpl'cssloll fol E(Af) ls u111ty. Tile coll'ela-
tion factor was 0.46, leading to a curve of E(hr) with
an expected peak height of 12%, the solid curve in
Fig. 6(b). The measured distribution of difference in
time of arrival is plotted, in Fig. 6(b) for a counting
period. of 580 h and agrees well with the calculated.
E(s&).
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