PHYSICAL REVIEW A VOLUME 53, NUMBER 5 MAY 1996

ARTICLES

Experimental test of Selleri’s variable photodetection-probability model
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Selleri's model of photodetection based on variable detection probability is analyzed. The results of an
experiment that discriminates between the predictions of Selleri’s model and quantum mechanics are presented
[Bell’'s Theorem and the Foundations of Modern Physadited by A. van der Merwe, F. Selleri, and G.
Tarozzi (World Scientific, Singapore, 1992in Wave-Particle Duality edited by F. Seller{Plenum, New
York, 1992].

PACS numbd(s): 03.65.Bz

In recent years several experiments have been performetle signal photon passingS; andBS,. The results of the
to test the validity of de Broglie’s and Einstein’s ideas on theexperiment are in agreement with qguantum mechanical pre-
foundations of guantum mechanics. Most of these werglictions and contradict what is expected on the basis of the
based on coincidence detection of photon pairs in differenéle Broglie pilot wave theory.
branches of a particular experimental setup, for which the A different interpretation of these results has been pro-
predictions of quantum mechanics and the de Broglie theorposed by Selleri4,5], based on the idea of a variable detec-
or Einstein locality are in conflict. Correlated photons emit-tion probability for the photodetectors. From a realistic and
ted in an atomic cascade were used in the first of these exausal point of view, it is possible to develop variable prob-
periments, but in recent years the photons were produced ®Pility detection models that divide the sBtof detected
the parametric down-conversion process instead. With thigbjects into a number of subse3s with probabilitiesP; to
source, some interesting experiments have been performed ¢ detected, so that the overall detection probability is the
order to test quantum optics, the Einstein-Podolsky-RoseAverage over, P=(P;). These models agree with quantum
(EPR paradox, semiclassical radiation theory, and de Bromechanics for the single channel counting rates. However,
glie’s empty wave theory. since the average of a pro_du.ctlls in gener_al dlfferent_ from the
In particular, the reality of the wave associated with eacHProduct of the averages, it is in two-particle detections that
photon in de Broglie’§1] model has been tested experimen-One might expect a departure from de Broglie’s assumption
tally [2] following a proposal of Croca, Garuccio, Lepore, about the detection probability.
and Moreira[3]. In the experiment(Fig. 1) a parametric In particular, the model discussed by Selléa) repro-
down-converter pumped by uv laser light produces pairs ofluces single photon physicl) explains the observed vio-
linearly polarized photons. The two photons are generateltion of Bell-type experiments(c) is consistent with the
simultaneously, and following different paths, form two results of the performed two-photon experiments, @ids
beams, the signal and idler beams. The beams pass througi§@mpatible, within experimental errors, with the Wang, Zou,
modified Mach-Zehnder interferometer with three semitrans@nd Mandel experimen2]. _ _
mitting mirrors, and the optical path length is varied by mov- It has been shown that a simple experiment can test
ing the mirrorQ. The experiment consists of counting the
events in which the idler photon, after traversiB&; and
BS,, is detected by the photomultipli€r,, and the signal
photon is detected simultaneously by the photomultiplier
D, after passing8S, andBS,. The measured coincidence —T—1
counting rate is proportional to the joint-detection probability o coverTer
for D, and D,. If we assume the reality of de Broglie’'s
wave, this joint detection probability should exhibit modula-
tion as a function of the optical path difference between the

two pathsP-R-U-D; and P-Q-U-D,, while quantum me- D,
chanics predicts a probability independent of these optical DJ p——
lengths. The difference is due to the fact thatlathere is an . [ COUNTER

overlap of the idler wave with the empty wave generated by

FIG. 1. The Wang-Zou-Mandel experimental setup. The align-
ment is critical because it is necessary to ensure the spatial super-
*Permanent address: Dipartimento di Fisica, Univerdit&ari, position atBS, of the empty wave and of the full wave associated
INFN-Sezione di Bari, Via Amendola 173, 70126 Bari, Italy. with the idler photon.
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FIG. 2. The conceptual setup for testing the Selleri detection
model.

Selleri’'s model against quantum mecharni6$ Let us con-

sider a photon pair produced in a parametric down-converter

(Fig. 2), in which the two photons have the same linear po-

larization (viz., along thez axis) and travel in thexy plane.

The signal and idler beams impinge on different linear po-

larizers oriented along the same direction, each making an

angle 6 with the z axis. The angle is allowed to vary, but

it is always identical for the two polarizers. Two detectors

D, andD, detect the photons passed through the polarizers;

the outputs of the photodetectors are collected by two !

countersC, andC, and by a coincidence count€r,. The

guantity of interest is the ratio of the number of coincidence FIG. 3. Outline of the present experiment. The half wave plates

detection:,, to the product of the number of single photon H; andH, are rotated through the same angl@ during the ex-

detectionsn;n, as a function of the anglé@ of both polariz-  periment in order to rotate the polarization orientation of both

ers. beams through the angte The axes of polarize8; andP, do not
According to Selleri’s model the probability for a single rotate during the experiment and remain parallel to the initial po-

emitted photon to be detected is the product of the probabillarization plane of the photon pair.

ity of transmission through the polariz&( ) and a variable

detection probabilityd. The latter depends both on a vari- a factor depending on the geometrical collecting efficiencies

able ., which, for simplicity, is assumed to have valddl  of the apparatus and on the emission rate of the source,

or —1 with equal probability, and on the amplitude at the which will be discussed in the analysis of the experimental

detector of a normalized photonic waye data.
The formula(4) exhibits an oscillation of amplitude pro-
— _ _ 2
D(w)=nl1+p(1-n(1-2[49)], @) portional to co&6, while quantum mechanics prediatsto

be constant and equal to 1. Moreover this formula predicts an
photodetectors enhanced joint detection probability, which, for the case

If the apparatus is lossless, the photonic wave may bd =0 and»=0.2, for example, is 65% larger than the quan-
normalized with respect to the ensemble of photons impingtUm mechanical prediction. The two theories predict the
ing on the polarizer; i.e., we may tak¢|?=co@in (1). It Same value of for §=45°. . . _
follows from formula(l), after averaging oves and assum- An e.x_penment to determine th.e ratio of th? joint dete_qt!on
ing that the Malus law holds foF(6), that the probability of probablllty to the product of the single detection probabilities

detection for a photon that impinges on a polarizer set afh parametric dovyn-conversmn has been performed n the
angle is past without polarizerf7]. However, because the correlation

between the two detected beams was not known, the results
P(1)=p(2)=(T(H)D(u))=cofHD(u))=7cosb, are not immediately applicable to E@t).
2 We have therefore carried out a new experiment to test
. o - o Selleri’s model with the help of a Lil@ crystal pumped by
while the joint probability of two-photon detection is an argon-ion laser at 351.1-nm wavelength. The crystal acts
as a down-convertgiFig. 3) and emits two optical photons
P(1,2=n*cos'¢[ 1+ (1~ 7)*cos26]. 3 (signal and idler at 702.2 nm with identical polarizations,
each traveling at an angle of 5° with respect to the pumping
beam. Along each path a half wave plate was inserted before
the polarizer, rather than changing the polarizer’s orienta-
r=p(1,2/p(1)p(2)=[1+(1— 7)%cos26], (4)  tion; this was done to prevent misalignment of the beams
during the experiment as the polarizers are optically thick,
and the measured ratio of the coincidence counting rate tahile the wave plates are thin. Both the plates were rotated
the product of the single channel ratefRis kr, wherek is  through the same ang®?2 during the experiment. Each de-

where 7 is the(averagg measured quantum efficiency of the

The ratio of the joint detection probability to the product of
the single detection probabilities is therefore



2946 GARUCCIO, TORGERSON, MONKEN, BRANNING, AND MANDEL 53

quantum mechanics Selleri's theory
6x10" e T e
5)(10-7 E ] 45X107 [ | LI DL N S NI NN NLENE BN MR BN
E 5 ]
S 4x107 | R [ 1.
E r - —1— J . 40407 | T .
-7 | ] o B Tl
g 3x107 | g ! B T ]
7 E 33 — + _._:“'...--—i ¥ T T =
i @ 3.5x107 S * ! t [ -
1x107 | E g i ;
- 1 « _ i
0 NEETINETTI FRERI R AR RNSTE RSN FRRTY AU SRR 3‘0)(10-7_ —
0 10 20 30 40 [ ]
(a) 072 - i b
4 2.5x10°7 P TN AU U S PR MR RO IO | i
4 Selleri's model ) 0 10 20 30 40
6x10 2 A LS R MRS RLAM AR RELRN RS b [ B 0.2 9/2
_ sx07 | P . :
C o = 0.5 FIG. 5. Comparison of the measured valueRoWith Eq. (7).
S 4x10”7 B ""'-..___ 3 ‘_,..--""' - The dotted line corresponds to a detection quantum efficiency
8 EE—— e e =08 7=0.5. The continuous line is based on a quantum efficiency of
& 3x07 £ 3 0.93 and gives the best fit with the experimental data.
~ 2x107 E 3 ,
s ] the half wave plate is set at angle zero, and+ebe the
1x107 F 3 fraction of photon pairs that impinge on the two detectors at
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e The single channel detection rates are then given by
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FIG. 4. Measured value d® as function of the rotation angle Ry =Ncos'fa;7,=NCoS 0 o, ®)

0/2 of the half wave plate(a) The continuous line represents the

quantum mechanical expgct_ation for the e_,xperimental datahe R,= Nco§0a2 o= Nco 0 1otz

dotted lines are the predictions of Selleri’'s model for a quantum

efficiency »=0.2, 0.5, and 0.8. The continuous line (in) is the

best fit of Eq.(4) to the experimental data. where 7= @171 and np=a,7, represent the overall
collection efficiencies for the two channels. We measured

tector consisted of a Thompson polarizer followed by anthese guantities independently and obtained for each channel

: R : . a value neamy,,=0.11. As the two detection efficiencies are
avalanche photod|00de detector with intrinsic detection eﬁ"nearly equal, we then conclude thai= a,= a7 oq/ 7, and
ciency of about 50%. The single channel counts and the cqp 5 the coincidence rate is given [setting|/|?>= acogin
incidence counts were registered by a computer. 1]

Figures 4a) and 4b) show the experimental results for
R as a function of6/2. The straight line of Fig. @) repre-
sents the quantum mechanical prediction. In Fith) 4ve Ri,= yN7n?cod'0{1+(1- 5)’[1-2(0.11/)cos 6]%}.
display Selleri’'s prediction&dotted line$ for R based on Eq. (6)

(4) and for quantum efficiencies of 20%, 50%, and 80%. The

continuous line represents the best fit of the experimentathe ratioR then becomes
data with Selleri's equatiod); the fit in this case is based

on a 0.93 quantum efficiency of the photodetectors.

Since a normalized photonic wave is used in Selleri’s R=(y/N)[7/(0.1D?{1+ (1~ 7)*[1-(0.22/3)cos'9]%}.
theory, it may appear that our results are in conflict with this @
model because of our choice of normalization. To explore
the role of the normalization in Selleri's theory, we now Figure 5 shows the experimental data superimposed on
consider the approach of normalizing with respect to thethe curve corresponding to the forml@. Even in this case,
emitted photon pairs. Selleri's model fits the experimental data wédlontinuous

Let N be the number of emitted photon pairs per secondline) only for a high photodetector quantum efficiency. The
since the optical devices inserted between the source and tletted line represents the theoretical prediction for the actual
detectors(mirrors, filters, pin holes, lenses, gtare lossy, value =50% of the quantum efficiency. In this case the
not all the emitted photons impinge on the detectors. Let ugxperimental data correspond to the valug®£55 and the
call a; the fraction of signal photons impinging on detector disagreement between Selleri’s theory and the experimental
D, when the half wave plate is set at angle zétlis is data is highly significan{8]. However, this last result also
conceptually equivalent to removing the polarjizer, the  shows that the predictions of the Selleri model depend
fraction of idler photons impinging onto detectbr, when  strongly on the choice of normalization of thfe function.
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