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The results of an experimental investigation of the
spatlal (transverse) and temporal (longitudinal) grouping
of photons in the process of three-photon parametric scat-
tering of light (PSL) are described in the paper.

PSL (see, e.g., Réfs, 1-3) is the process of interac-
tion of photons of monochromatic radiation (pumping) with
a medium having no center of symmetry. As a result,
at the exit from the medium radiation {s formed occupying
a broad section of the spectrum, In the Stokes region rela-
tive to the pumping frequency, in the entire range of trans-
parency of the scattering medium —a plezoelectric crys-
tal. An elementary act of scattering consists of the de~
composition of a pumping photon with frequency wy and
wave vector kg into 2 pair of photons with frequencles w,
and w, and wave vectors k; and k.

The parameters of the photons satisfy the conditions

Wt wn = w; Kyt ky= ke )

It has been shown! and confirmed experimentally® that
photons related by the condition (1) {parametrically cou-
pled photons) are characterized by grouping ("superclass-
{cal" in comparison with Brown ~Twiss grouping®) in the
time of transit through a given spatial plane {z] perpendic-
ular.to the direction ky/k,|. Besides temporal grouping,
parametrically coupled photons possess spatial grouping
in the [z] plane.’

Spatiotemporal grouping of photons implies an in-
creased probability of simultaneously finding two photons
at the space —time points x; and x,; xj = {2z, pj, tjh i =
1, 2; z{ 13 the coordinate on the axis z || ko with the origin
on the exit face of the scattering medium (kg Is usually
perpendicular to this face); pg is the radius vector defining
the position of the point xj In the [z{] plane having the co-
ordinate z{ and perpendicular to z; t{ are the moments
{times) of observation.

From the experimental conditions, z; = z, = z. In this
case the probability of detecting a parametrically coupled
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palir of photons with frequencies wy and w, at the points
Xxq and x, is determined, according to Ref. 7, by the ex~
pression

1 —p3gt
2@, p. )= f1a(p, 1) = " (z“+7)’°""[1:(‘:"21")’]' )

Here qp, is the transverse component, in the {z] plane, of
the wave vector of the scattering, and determines the
angular spectrum of the scattering;

=2z =225

Ry ey

k=

f=20(dz)?, a= @} -u?);

uy = dwfdk;; ky~ky=k p=lps—pil;

Zy, = k/qfn is a parameter defining the size of the near
zone with respect to z in accordance with the condition

p <ag =y (z +1); ay is the diameter of the pumping beam;
1 is the length of the scattering layer along z; #y, = k/q
is the scattering angle.

The biphoton length l(z) (the average distance in the
directlon z/[z| between parametrically coupled photons)
is determined by the second-order coherence time t 2),
and for the case of almost collinear scattering {p ~0) it
equals

£D = 2£71 Q.0 defi O.1). @

From (3) it follows that the biphoton length varies in the
range from l(r:l). = c(2Amsc)'1 (Awg, is the frequency
width of the PSL spectrum) in the scattering near zone
(z < zp) to lg]) = 2c(Awg’) (Awg is the frequency width
of wave synchronism) in the far zone (z > z, ). The co-
herence time t) and the biphoton length 2(?) are determined
by the relative delay of the photons in the medium on ac-
count of the dispersion of its dielectric permittivity. In
both the near and the far zone the biphoton length 1) and
the photon lengths 1) determined by the first-order coh-
erence functions are both approximately equal to?

FIG. 1. Scheme of the experimental apparatus for observing
the phenomenon of spatial and temporal grouping of photons
in spontaneous parametric scattering: 1) Nonlinear crystal;
2) thin focusing lens; 3) focal plane of the lens; 4) mono-
chromator for channel 1: A®, A®) spatial diaphragms forchan-
nels 1 and 2; 5, 5') photoelectron receivers forchannels 1 and
2; 6) coincidence circuit; 7, 77, 77} pulse counters.
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FIG. 2. Curve of coincidences of pulses in channels 1 and 2 as a function
of the electronic delay between the channels; 0 corresponds to the intro-
duction of a fixed delay Atf = 7 nsec, A; = 630 nm, X, = 670 nm, Tobs =

100 scc; there were five mcasurements at each point.

p ) = yfg 1+ (T+1)%)H2, (4)

From (4) it follows that at t, = t, = 0, l.e., at the time of
pair creation, in the scattering near zone p(?) = q;; and Is
determined by the angular width of the spectrum of scat-
tered radiation. In the far zone p(2 ~ 20z and is deter-
mined by the distance traveled by the photons emitted from
one biphoton, and can reach considered values.

In the present work we use a biphoton-field detector
consisting of two photon counters, linear with respect to
intensity, and a correlator — a coincidence circuit (Fig. 1).
A lithium-iodate crystal excited by coherent monochrom-
atic radiation with a wavelength of 325 nm and a power of
5-1073 W served as the source of the biphoton field. The
crystal had a length [ = 1.5 cm. Variation of the orienta-
tion of the crystal relative to the pumping beam enabled us
to vary the [requency— spatial distribution u‘i(wi) of the
scattered radiation (see the reconstructed PSL curves in
Ref. 9).

To simplily the experimental scheme, the angular
distribution J; was converted to a distribution pj(w;) in a
plane using a thin lens with a focal length F = 10 cm. The
focal plane {F,] of the lens was matched with the exit face
of the crystal while its axis was matched with the axis of
the pumping beam. Then in the second focal plane [F,] of
the lens the radiation of each color formed a ring, so that
a system of concentric rings of different colors, the radii
of which are connected with the scattering angle through
the focal length (pi(“’i) = F tan¥j), was ultimately formed
in the [F,] plane. The dispersion of the radii of the rings
was determined by the dispersion of the index of refrac-
tion of the crystal and by the orientation. The width (in
pi) of the ring formed by radiation of frequency w; was
determined by the first-order coherence length p(i), and
in the experiment had the order of magnitude p(1) =~ 0.01-
0.02 cm. In this case the biphoton length was of the order
of 1Y) ~ 0.2 cm, while the coherence time was of the order
of t) =~ 6.10712 sec. As a consequence of the condition
(1), parametrically coupled points lay in diametrically op-
posite regionsof the ring system. We used a nearly col-
linear and degenerate regime of scattering (A = Ay = 650
nm, 6; <« 1).

The entrance openings of the receivers were placed
in the [F,] plane and their positions could be varied both
along the radius vector p; and in directions transverse to
it (along a tangent to a ring of radius Y). ;
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FIG. 3. Spatial distribution of the numbers of readings and coincidences
in channels 1 and 2 (in the [F;] plane), 1) N¢ = Nelpy) {p = 5.3 mm, &, =
650 nom): 2) N. = Ng(py) (p) = 6.8 mm, Ay = 630 nm); 3) N = N.(Y,)

(p = 6.8 mm); 4, 4°) Ny = Ny(pa. Y.
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FIG.4. Dependence of N and N, on the transmission wavelength of char
nel 1 for a fixed positfon of the spatial filter of channel 2, Xy = 630, A Xy
1.5 nm, X, = 670, AX; = 1,5 nm.

The photoreceiver channels differed somewhat from
one another. Channel 1 recorded photons of frequency w,,
spectral width Aw,, assigned direction k,/Ik,|, and angula:
width &dj in the [F,] plane. A square opening, the area of
which could be varied in the range from 0 to 0.16 mm?,
served as the spatial filter. A spectrograph of the ISP-51
type in the monochromator regime served as the spectral
filter. Channel 2 included only a spatial filter, similar to
the filter of the first channel. J

Photomultipliers of the FEU-79 type with following
electrical digital circuits served as the photon counters
in both channels, The circuits put out current pulses of
duration 10-15 nsec at half-height. The number of pulses
was recorded with instruments of the ChZ~-34 type. A
coincidence circuit of the summing type, yielding a pulse
at the output if the time delay between pulses at the input
did not exceed 12 nsec, served as the correlator. The
dead time was no more than 2-3 nsec. The number of coin-
cidence pulses was recorded by a ChZ-34 instrument. All
three pulse counters were strictly synchronized in operat-
ing time.

The dependences of the count rate N¢ of the coinci-
dence pulses on the position of the spatial filter in channel
2 along the p, and Y, coordinates (for a fixed position of
the spatial and frequency filter of channel 1), on the trans-
mission frequency w; of channel 1 for a fixed position of
the spatial {ilters of channel 2, and on the time delay in the
electrical circuit of channel 2 were investigated experi-
mentally.
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Temporal grouping of photons. In Fig.2 we
present a characteristic dependence of N on the intro-
duction of a delay in the time of measurement in channel
2 with respect to that in channel 1. To obtain this curve
channel 1 was tuned to receive radiation with a wavelength
A = 630 nm while channel 2 was tuned to A, = 670 nm. The
spatial filters were set at points of the [F,) plane with co-
ordinates calculated from the dispersion characteristics
of the erystal. The maximum of the N curve was observed
with the introduction of a delay At = 7 nsec into channel 2,
which was due to the need to compensate for the difference
in the optical paths of the channels. With the introduction
of a more or less compensating delay of ~ 20 nsec, the
coincidence-count rate fell to the count level for random
coincidences, viz., N!,% 5 107! sec™!. We note that in Ref.
5, where temporal grouping was observed, the count rate
N, for coincidence pulses at the maximum of the curve did
not exceed 2 sec™! and differed little from N';.

Spatial grouping of photons. The investiga-
tion of the spatial grouping of photons comes down to an
investigation of the dependence on the mutual arrangement
of the spatial filters of the photoreceiver channels and on
their positions in the [F,] plane.

In Fig. 3 we present the dependences Ng(py) for two
values of p; and w; (curves 1 and 2) and the dependence
Ne(Y) (curve 3, with the hatched plane of the figure). Values
of the count rate Ny(p,) in channel 2 are also given there.
The contrast of the curve, i.e., the ratio of Np pmax to N
exceeded 10% in order of magnitude. The decrease in Ny(py)
at small p2 is connected with the characteristic distribu-
tion of the scattering in space on account of the dispersion
of the dielectric permittivity of the medium. A change in
the frequency w; leads to a shift in the maximum of the
N, {py) curve (curve 2) as a consequence of the nonzero
slope of the reconstructed PS curve 6; = 6j{w;). Curve 3
was obtained by moving the spatial filter along a tangent
to a circle of radius p, = 6.8 mm at the maximum of curve
2. Since channel 2 did not contain any spectral filters and
the spectral curve of sensitivity of the FEU-79 is a suf-
ficiently smooth curve in this range, the observed maxi-
mum of the dependence of the count rate of coincidence
pulses on the position of the spatial filter of the photore-
ceiver channel indicates the presence of spatial grouping
of parametrically coupled photons with a coherence length
o) x 0.1-0.2 mm.

The dependence, presented in Fig.4, of N, on the trans-
mission wavelength A, of channel 1 for fixed positions of
the spatial filters of channel 2 corresponding to the posi-
tion of the maximum of curve 2 in Fig. 3 confirms the pres-
ence of grouping only for parametrically connected pho-
tons.

Degree of grouping. To estimate the degree of
grouping — the ratio g® = N?h/Nb of the intensity Ng’h of

the photon flux in channel 1 to the intensity Ny of the bi-
photon flux, we estimated the quantum efficiency of channel
2 for two values of the wavelength, A = 630 and 670 nm.

To isolate the signal at just this wavelength we introduced
frequency selectors — interference light filters — into the
channel. With allowance for their transmission, the quan-
tum efficiency 7y of channels 2, measured using a secondary
light standard of type SI-8, proved to be
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nalesonm = 2.5£04% and M2le70nm = 18 * 0.5%

The determination of the quantity g(z) is based on the
fact that, owing to the independence of the processes of
measurement by the channels, the count rate N¢ of the
number of coincidence pulses is Ny = mymNp; y is the
quantum efficiency of channel 1. Then g(® = n,N;Ng!. With
allowance for the values of 7, and the influence of Fresnel
reflection at the faces of the crystal and at the surfaces of
the thin lens on the pairing, it was found that gms 0.940n
the average. The accuracy of the measurements of the
degree of grouping was determined mainly by the accuracy
of the determination of the quantum efficiencyby the stan-
dard photometric method, and equalled Ag 22 0.2. Thus,
to within the experimental accuracy, the parametrically
scattered light is entirely two-photon light,

The two-photon character of the parametrically scat-
tered light allows us to solve the problem of the absolute
determination of the quantum efficiency of the photore-
ceivers. The values of the quantum efficiency can be easily
determined from a measurement of the count rates Ny, N,,
and N of pulses in channels 1 and 2 and of coincidence
pulses, using the formulasn = No/N; and 7 = Ng/Ny.

We note the possibility of one-channel calibration of
a photomultiplier,lo'“ when one directs first photons of
frequency wy, then photons of frequency w;, and then bipho-
tons consisting of photons of these frequencies to the one
receiver being calibrated. The quantum efficiency is de-
My - Ny

, where
N2y

termined from the relation m2¢1) =1 -
My, is the count rate of the number of pulses (both one-
and two-electron pulses) in the recording of the biphotons,
while N; and N, are the alternate-counting rates for the
one-photon components of the biphoton field. Experiments
conducted on one-channel calibration showed!? the possi-
bility of attaining high accuracy {as good as 2-3%) in the
measurement of 7.

In conclusion, the authors express their deep grati-
tude to D. N. Klyshko for his interest and his great assis-
tance in the work.
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