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We describe five quantum mechanics experiments that have been designed for an undergraduate
setting. The experiments use correlated photons produced by parametric down conversion to
generate interference patterns in interferometers. The photons are counted individually. The
experimental results illustrate the consequences of multiple paths, indistinguishability, and
entanglement. We analyze the results quantitatively using plane-wave probability amplitudes
combined according to Feynman'’s rules, the state-vector formalism, and amplitude packets. The
apparatus fits on a’Z 4’ optical breadboard. ©005 American Association of Physics Teachers.
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[. INTRODUCTION larization states and manipulate these states as examples of
the formation, projection, and transformation of quantum
Advances in laboratory techniques for doing experiments$tates. We also cause the interference pattern to disappear by
with single photons have stimulated studies of the fundamenManipulating the polarization states of the photons to make
tals of quantum mechanics that underlie such interesting aghe paths through the interferometer distinguishable. A fourth
p|ications as quantum Cryptography and guantum Comexperlment, the quantum eraser, demonstrates how interfer-
puting? In particular, the ability to produce pairs of corre- €nce can be made manifest in subsets of events that together
lated photons allows us to bring beautiful laboratory demon&Xxhibit no interference. Finally, we perform a conceptually
strations of quantum superposition to an undergraduate setimple experiment that can show that the photon does not
ting where simplicity and affordability are primary SPIt. .
concerng Most of our experiments and layouts are based on pub-
In this article we describe five table-top experiments thafiShed landmark experiments on the fundamentals of quan-
involve the interference of photons detected by a counting!™ mechanics. Our references show the sources that we
apparatus. The experiments involve photons passing througiPnsulted, but they are not chronological or comprehensive.
an interferometer, where alternative paths can be made dis- The cost of the experiments ranges from $14,000 to
tinguishable or indistinguishable. These experiments caRs>:000 depending on the equipment at hand. The cost is
provide the basis for an undergraduate laboratory on the furfiominated by the price of a blue las2000-$600pand
damentals of quantum mechanics as proposed in Ref. VO avalanche photodiode detectoi®4000 each These
They go beyond transforming interferometer fringes intoPtices are likely to decrease in the near future as the tech-
counter clicks and challenge classical intuition with results?0/0gies mature. The cost of the remaining items depends on

that are unquestionably nonclassical. By incorporating thesi'€ availability of optical hardware and conventional elec-

experiments into undergraduate quantum mechanics instruf2Nics- In Appendix A we list vendors and the prices of the

tion, we hope to encourage students to discuss and considgPMPonents.
the consequences of quantum mechanical superposition such
as entanglement and nonlocality. II. APPARATUS
The experiments have the attractive feature that their re-
sults can be analyzed and understood by undergraduates. \We The laser
try to explain them in ways that we believe will be useful ] ) ] )
and accessible to them. Our explanations assume that theyAt the heart of the experiments is the production of a pair
are acquainted with the basic ideas of interference and wav@ photons by spontaneous parametric down conversion, a
packets and that they have learned, or can quickly learn, tgonlinear effect that produces two photons from one pump
use the complex exponential representation of plane waves-Rhoton” For historical reasons the two outgoing photons are
what Feynman ingeniously described as “clock numbets.” usually called the “idler” and the “signal” photon. We use
The first of the five experiments demonstrates that a phothe subscriptp, i, ands to refer to the pump, idler, and
ton interferes with itself when it can reach a detector bysignal photons, respectively. Conservation of energy requires
either of two indistinguishable paths. We observe this effecthat
by changing the phase of one of the paths without making E,=Es+E;, (1)
the paths distinguishable. We also show what happens to the
interference pattern when, using filters and other optical elewhereE, is the energy of the pump photon, akd and E;
ments, we modify the extent to which the two paths areare the energies of the down-conversion photons. It often is
indistinguishable. In the second experiment we pass an egonvenient to use the alternative forms of Et),
tangled pair of photons through an interferometer_and obj 0p= i+ ws, (2a)
serve and analyze the unusual interference properties of this
biphoton. In the third experiment, we create photons in po-  k,=k;+Ks, (2b)
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which are based on the fact that=hw=7%kc=hc/\ for a
photon, wherew is the angular frequency of the light akds
the magnitude of its wave number in vacuum. The wave
numberk is related to the wavelength in vacuumby k Pr
=2m/\=wl/c, wherec is the speed of light.
High detection efficiency of down-conversion photons is 2
essential for our experiments and severely limits the choice
of pump laser. Efficiency is important because our experi- c
ments depend on selecting down-conversion pairs of photons
from the background. We select the photon pairs by detecting
them in coincidence, making use of the fact that two down- M
conversion photons always are produced at nearly the same o ! (b)
time. Because the efficiency of coincidence detection is the P
product of the individual detector efficiencies, it is necessary . B
to use the most efficient single-photon detectors available. B
These are avalanche photodiodes. Their efficiencies peak at
around 80% for 700 nm photons and drop off rather quickly (I.H_Q_EE B
to below 10% for 1000 nm photofisBecause detection ef- Diod L
ici i ; iode laser APD F ﬁP L
ficiencies vary strongly with wavelength, we concentrate on
the case wherk,=k;=k,/2. Fpg
To operate detectors at their peak efficiency, we want
down-conversion photons with wavelengths of about 700
nm. To obtain these photons, the best pump laser is an e¥ig. L. In(a) the down-conversion photons travel separate pathé)ithey
pensive UV argon-ion laser operated at 351.1 nm, which igravel the same paths. The optical components are polarization r(mitpr
widely used for research. For this wavelength there currentl%;”Sm (P, down-converter crystalC), nonpolarizing 50-50 beam splitter
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- - B), half-wave plate(H), polarizer (P), mirror moved by a piezoelectric
mgego allflsi 8e)r(7[13\(/avnséll\6eZ gge;rrftggil (\j/Yg dgsligetrwgngog]g(g tack(Mp), lens(L), bandpass filtetF), and avalanche photodiodaPD).
mW, 457.9 nm argon-ion laser. The GaN laser has become
the choice of the compact-disk industry for data storage a o . . .
higher resolution, so its price is likely to go dovirAva- the crystal is|k|=nk=2an/\, with n being the index of
lanche photodiodes have an efficiency of about 60% aféfraction of the crystal. This momentum conservation con-
804.72 nm. The 457.9 nm line was the shortest wavelengtHition can be expressed in terms of the wave vectors as
available to us from an old multiline argon-ion laser that had kp=Ks+k;. ®)
been used for pumping a cw dye laser. The avalanche pho-

todiodes efficiency for the 915.8 nm down-conversion pho- 1he directions taken by the down-conversion photons of
tons is 30%. specific but complementary wavelengths are determined by

the angle formed by the optic axis of the cryg@A) and the
propagation direction of the pump beam, the phase-matching
angleé,,. As described in Appendix B, the down conversion

The argon-ion laser produces a near-IR background glowf 457.9 nm into 915.8 nm at-3° requiresf,,=26.13°.
that needs to be removed, so it is common to use either Similarly, 6,,=29.01° is required for down conversion of
dispersing prism or a dielectric mirror between the pump andi02.36 nm into 804.72 nm at 0°. The crystals were mounted
the down-converter crystal. We used both in the two experion a rotation stage so that OA was in a horizontal plane. In
mental setups reported here. In both cases we arranged fgiis way we could easily fine tune the phase-matching angle
the polarization of the pump beam to be horizontal. The outof the crystal.
put of the argon laser was vertically polarized, so we rotated
it using mirrors® Standard laser safety precautions should be
used when steering the laser into the crystal. C. The detectors

We used nonlinear crystals cut for type-I parametric down- e chose avalanche photodiodes modules optimized for
conversion to produce a pair of down-conversion photon:ﬁigh quantum efficiency and configured to output TTL
with linear polarizations parallel to each other but orthogonabmses, suitable for the electronics that we had available.
to the polarization of the pump beafsee Appendix B We In the setup of Fig. (8) one down-conversion photon, the
set up the beta-barium-borate down-conversion crys%g  jgler, was sent directly to a detector, while the other photon,
mm thick) in the arrangements shown schematically in Fig.the signal, was sent through a Mach—Zehnder interferometer
1. In Fig. 1(a) the pairs of down-conversion photons leavetg 5 second detector. Only coincidences of the TTL output of
the crystal at=3° to the pump-beam axis; for the arrange- poth detectors were recorded. In effect the idler tags the sig-
ment in Fig. 1b) they left at 0°(that is, they were collinear  nal photon, but in reality the photons are much more inti-
In addition to energy conservatiqsee Eq.(1)), parametric mately connected, because their wave functions are en-
down-conversion requires that the photon momenfuis  tangled as we will discuss. In the setup of Figb)lthere is
conserved inside the crystal. The momentum is related to theo distinction between idler and signal, because both photons
wave vector by the relatiop=#k. The wave number inside can travel the same path. In this case we place a beam splitter

B. The crystal
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at the interferometer’s output and look for coincidences beranged to be displaced transversely in order to fine-steer the
tween photons emerging from separate outputs of this beafocused light onto the small photodetector area.
splitter. These techniques are very useful to obtain the first signals.
It is very important to keep the avalanche photodiodes/Ne start by maximizing the singles counts on each detector
from receiving ambient light, because they can be destroyetexpecting 10—-100 kHzby varying the position of the lens
by excess photons. To avoid doing the experiments in comin front of each detector. Then we set the TAC/SCA to record
plete darkness, we put the detector pair of each setup insigghoton pairs delayed by a time in the range 0—50 ns and look
a light-tight box made of an aluminum frame and blackfor a peak in the multichannel scaler output around a 15 ns
poster-board walls. The down-conversion photons enter thdelay. When the optical layout is aligned properly, there is a
detector boxes through windows covered by red filters. Theorominent peak at that delay representing the down-
protective boxes allowed us to illuminate the work area withconversion pair. Once the signal is obtained, we narrow the
low-level illumination from blue LEDs. Each avalanche pho- TAC/SCA window to about 4 ns centered around the down-
todiode had a short focal length le(#—100 mm to focus  conversion peak. The SCA output then represents down-
the light onto the small active area of the avalanche photoeonversion events. If the TAC and SCA are separate mod-
diode (0.175 mm diameter A narrow-band filte10 nm, 1  ules, the voltage window of the SCA determines the time
nm, or 0.1 nm prevented the avalanche photodiodes fromwindow.
being overwhelmed by photons that were not in the wave-
length region of interest. The filters also served to determiné- Interferometers
the bandwidth of the detected light, as described in Sec. Ill. \we used both Mach—Zehnder and Michelson interferom-
eters. The former is more elegant but requires more optical
elements and greater care in setting up. To align it we started
with a pilot beam from a HeNe laser and put each of the
We used NIM electronicénuclear instrument modulgto interferometer componentshat is, mirrors and beam split-
perform coincidence detection of the TTL pulses from theters into place one by one. We used irises to align the beams
avalanche photodiodes. The minimum electronics requiregarallel to the holes of the breadbodrth the arrangement
are counters and coincidence modules. Because the signafl Fig. 1(a) we set up the interferometer so that we could
and idler photons traveled different distances to reach theptimize the down-conversion and the interferometry sepa-
detectors, we used a time-to-amplitude conve(@&C), a  rately. Because stability is important, we linked all the
single channel analyz¢6CA), and a multichannel scaler to mounting posts in the interferometers to each other by 1/2
register coincident events. Manipulating the beams so thaliameter rodgInvar or stainless steelWe also were able to
both photons travel the same distance would reduce thfind adequate stability by using short pedestal mounts for the
amount of electronics requirédyut it would have unaccept- optics instead of posts with rod links. We mounted one of the
ably increased the constraints on our optical layout. mirrors on a translation stage to be able to adjust the differ-
We used a combined TAC/SCA uniCanberra model ence between the path lengths of the interferometer’s arms to
2149, which had both TAC and SCA outputs. The pulsesnear zero, that is, the point where white-light fringes are
from the signal detector passed through an extra three metespserved. This adjustment was needed because the coher-
of cable deliberately inserted to produce a 15 ns delay beence of the down-converted light is limited. Indeed, adjust-
tween the pulses produced by the detection of the signal anielg the stage to increase the path difference to somewhat less
idler photons. The idler and the signal pulses were sent to thghan 1 mm caused the fringes to disappear.
start and stop inputs of the TAC/SCA, respectively. The TAC Our experiments were done by slightly varying the differ-
output was sent to the multichannel scaler for pulse-heighénce between the lengths of the arms of the interferometer by
analysis. The output of the multichannel scaler consisted of eoving one of the interferometer mirrors with a stack of
histogram of the number of pairs of pulses as a function opiezoelectric transducers either glued directly to the mirror
the time delay between them. We used three counters, two tand mirror mount or placed as a spacer in the translation
register the(singleg counts from each detector and one tostage where the mirror was mounted. The piezo had a re-
record the SCA output, that is, the coincidences. After a yeagponse of about 40 nm/V. When our setup was automated,
of operation, we automated the data acquisition usinghe output of a digital-to-analog interface was fed to a high-
Labview’ and shortened the data acquisition time from hourssoltage amplifier to scan the voltage on the piezo.
to minutes.

D. The electronics

IIl. ONE-PHOTON INTERFERENCE

E. First steps The probability amplitude, a complex number, is a key

Our experimental setups were designed to take into addea in quantum mechanics. Interference arises from squar-
count that the down-conversion beams are too weak to b#g the sum of the probability amplitudes for alternative
seen. Down-conversion efficiencies at the wavelength of inways to the same observational outcome. Interference can
terest are typically about 16°. Therefore, it is necessary to occur if two or more different ways to produce the same
prealign the optical components and detectors, and, ofesult cannot be distinguished with the apparatus. If the ap-
course, any interferometer. Prealignment requires a very mdparatus yields information that can distinguish between alter-
thodical approach: calculating the positions of the detectordjatives, interference will not occur.
setting up irises, and tracing the expected path of the down- Feynman states the conditions for interference in three
converted beam with the beam from a HeNe laser. The othetles:® (1) the probabilityP of a particular outcome from
requirement is flexibility: the crystal is mounted on a rotationthe interaction of a particle with an apparatus is given by the
stage that permits fine tuning of the phase-matching anglequare of the absolute value of a complex probability ampli-
and the lens in front of each avalanche photodiode is artude ¢: P=|#|% (2) when the same outcome can occur in
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Fig. 2. Schematic of the experiments using a Mach—Zehnder interferomet
The labeled components shown are source of down converted pH&ons
nonpolarizing 50-50 beam splittéB), mirror moved by a piezoelectric
stack (Mp), lens (L), bandpass filte(F), and avalanche photodiode. The
interferometer arms have lengthg and(,, and its output ports are labeled
a andb.

indistinguishable alternative ways, the probability amplitude
is the sum of the probability amplitudes for each way con-

sidered separateh\P=|¢;+ ¢,|%; (3) when an experiment

|s) enters the Mach—Zehnder interferometer and interacts
with the first beam splitter. The beam splitter transforms the
state of the input photon into

|9y =t|€1)+r€5), 5

where|¢,) and|¢,) refer to the states of the photon in the
interferometer arms. Ifa) and |b) denote the state of the
signal photon exiting tha andb output ports of the inter-

ellg'erometer, respectively, then

[€2)=€'"(r|a) +t[b)), (62
[€2)=€"*2(t|a) +1|b)). (6b)

We combine Eqs(5)—(6b) and express the overall transfor-
mation of|s) as
|9y =rt(e'%1+e'%2)|a) + (tte'%1+rre'%2)| b).

(7)

The interference pattern arises from the probability of de-

is performed that is capable of determining which way thetecting a photon in state),

outcome occurred, the probability of the outcome is the sum

of the probabilities of each alternativ®=P,+ P,=|¢,|?
+] ol

Although Feynman’s approach describes how basic inte
ference patterns arise, a more complete theory is needed

r_

P(8)=|(als)|?=2RT(1+cosé). (8)

Equation(8) is the same result as E@lc) with the desirable
feature that the formalism conveniently yields the amplitude
far a photon to arrive at the other output, thatis, in stiaxé*

explain partial interference and to give students insight into

the coincidence detection of photons.

A. One-photon interference pattern: Prediction

Feynman’s approach can predict the interference patte
produced by an interferometer with nearly equal arm length
because the resulting interference pattern is insensitive to t
details of the amplitude¥. We can assume the amplitudes
are plane waves modified by reflection and transmission a&

the beam splitter as the photons pass through the setup

Fig. 2. At the first beam splitter a photon has two possible

outcomes: either transmission with an amplittidieto arm 1
or reflection with amplitude into arm 2. The plane wave
associated with pathj=1,2 acquires a phasé;=ksl;,
where{; is the length of arnj andks=2n/\ is the wave
number of the signal photdii.Therefore the probability am-
plitude for emerging from path 1 se'’t and that from path
2 isrtel%,

The probabilityP that a photon will be detected at tlae
port of the second beam splittesee Fig. 2 is the square of

the modulus of the sum of these two amplitudes:
P=|tre'%1+rte!%2|? (4a)
=rr*tt*[2+€'(917 %) 4 @ 1(017 %)) (4b)
=2RT[1+cosd], (40

whereR=rr* andT=tt* are the reflection and transmission
probabilities, respectively, and= &, — 6, is the phase differ-

B. One-photon interference: Experimental results

To be sure we were measuring an interference pattern pro-
duced by individual photons, we used coincidences between
down-conversion pairs. We recorded the detection of a signal

hoton was detected at another detector. Thus each down-

nversion signal photon passing through the interferometer
was tagged by its idler companion. Such a tagging procedure
es not change the expected interference pattern, because
e crystal down converts a pump photigh into a pair of
states|p)— 7li)|s), where 5, the amplitude for down con-
version into a signal and an idler photds) and|i), is the
order of 10°° or 10 °. The effect is to multiply all the terms
in Eq. (7) by 7|i), which does not introduce any additional
relative phase shift. As a result, the overall probability re-
mains proportional to Eq(8) although the count rate will
drop by 101° or so®®

The interferometer was set up to make its arm lengths as
closely equal as possible, that|ié; — €,|=A€~0, by align-
ing it to produce white-light fringes. Then with 10 nm band-
pass filters centered on the down-conversion wavelength in
front of both detectors, we obtained the interference fringes
in the coincidence counts, shown in Fig. 8a). The data are
the number of recorded coincidences as a functions,of
which was varied by changing, via the piezo-driven mirror
in the interferometer arnMp in Fig. 1). The error bars are
proportional toyN, due to Poisson statistics. The slight hori-
zontal deformation of the sinusoid is a reflection of the non-

:ﬁ\:oton at output of the interferometer only when an idler

ence arising from the difference between lengths of the twdinear relation between the displacement of the piezo and the
arms of the interferometer. We assume the beam splitters ak®ltage applied to it.

identical and symmetri¢.For the common case of a 50-50
beam splitterR=1/2 andT=1/2, and Eq.4c) becomesP
=1/2(1+cosé). This result implies that varying will pro-

The data were corrected for accidental coincidences.
These arise from the accidental simultaneous arrival of two
unrelated photons. The number of these events is estimated

duce a variation in the number of photons emerging from thdrom the relation

interferometer, that is, there will be an interference pattern. _ ,
. ; Nac= NgN;AT, (9)

To introduce bra and ket notation for state vectors, we . _
could use the slightly more sophisticated explanation offeretvhereNg andN; are the singles counts at the signal and the
by Greenberger, Horne, and ZeilingéA photon in a state idler detectors respectively, andr is the width of the coin-
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1200 comes zero, that is, interference disappears when the experi-
1000] @ ; ment is capable of distinguishing which path a photon takes
: : in passing through the apparatus. Our data gi«0.85
o 8001 +0.0516
£ 500 Note the strength of the evidence that the interference is
g 1 occurring one photon at a time. For one thing, it is very
S 4004 improbable that at any given instant there is more than one
_§ photon in the apparatus. If we take into consideration the
G 2004 effect of the optics, filters, and detector, we estimate the de-
ol tection efficiency to benpgye—0.10. With the length of the

1600 ; ' 800 arms of the interferometer d@~21.5 cm, and for a maxi-
= 14004 70 o mum recorded counts of the signal singlesNg(
§ 1200 l6o0 5 =87500 s 1), the average number of photons in the inter-
2 Q. . . .
Z 1000 600 & ferometer at any given time is never more th@Ng/ 74.C
» — —4
Q ¥ =6X10"“. Moreover, we record only those photons detected
s 50 40 5 in coincidence with their down-conversion partner photon,
§ 600+ r300 S an even smaller number. These results drive home to students
S 401 200 G that the interference pattern arises from the interference of
_§ 200] L0 § each individual photon with itself’

0 : . . 0
5 20 25 30 3B 40 45 C. One-photon interference: Entanglement,
v,.v) distinguishability, and coherence

Fig. 3. Coincidence counts as a function of the voltage on the piezoelectric Although Feynman’s approach explains simply how the
stack used to change the interferometer path-length differafic&he data  basic interference patterns arise, more complicated probabil-
in (&) and(b) correspond ta\ ¢ ~0 andA{~144 um, respectively. For the  jty amplitudes are needed to explain partial interference and
circles both detectors had 10 nm bandpass filters in front of them. Thgq give students some insight into the coincidence process.
squares in(b) correspond to having a 10 nm filter in front of the signal More complete probability amplitudes would include the ef-
detector and a 0.1 nm filter in front of the idler detector. .

fects of features of the apparatus such as filters, apertures,

mirrors, beam splitters, and the distances between compo-

cidence window set by the TAC/SCA. The time window wasnents, as well as the spectral purity, inten_sity, polarization,
AT=4ns. For the experiment of Fig. (@, N; and angular spread of photon beams passing through the ap-
—93.000 s while at the maxima of the interfere,nce Ipat— paratus. These calculations, which can be complicated and
’ C - 1. difficult, usually result in one or more mathematical objects
tn?ir;]ir;hae i '%c:; C:SJ;J ﬂr\latf jﬁago%bgdlg_fgésggrfes:p?ng}ﬁg that have a spatial and temporal extent and which can be
s ’ .

. 4 mini ¢ id | coincid thought of as amplitude packets analogous to the wave pack-
maximum and minimum rates of accidental coincldencesys of classical theory. Interference then arises from linear

wereNae=32 s _l andNge=4s " _ combinations of two or more overlapping packets.

A glance at Fig. 3 suggests that the simple theory does a As explained in the following, the basic features of an
good job. To test it more closely, we fit the data with aamplitude packet are ultimately determined by the Heisen-
parameterized version of E() berg uncertainty principle. We can sometimes use this prin-

Ne=Ng[1+V cosd], (100  ciple to determine the spatial or temporal spread of a packet
) N without doing detailed calculations. Such information makes
where o= (fo+fivp)v,+ 38, with the fitting parameters it possible to tell when two amplitude packets will have ap-
No, V, fo, f1, andy. The quantityN, normalizes Eq(8)  preciable values at the same place at the same time. Only
to the data and the quantity sets the depth of the minima. then can there be interference. We can understand partial
The inclusion of the linear and quadratic frequency termsinterference as occurring from the partial overlap of ampli-
respectivelyf, andf,, in the fit takes into account the non- tude packets with well defined phases.
linear variation of the displacement of the piezo as a function The overlap of amplitude packets also is related to the

of the applied voltage. issue of distinguishability versus indistinguishability. When
The quantityV is an important parameter often called the amplitude packets corresponding to different ways for an ap-
“visibility.” It is defined as paratus to give rise to the same observational outcome over-

lap in space and time, the apparatus does not distinguish
between the different ways to the same outcome. When the
packets do not overlap, the output from the apparatus con-
. . tains information distinguishing between the alternatives. Al-
whereNa, andNp, are the maximum and minimum counts 41 there are some pitfalls, in general, the nonoverlap of
in the interference oscillation. As EL1) indicates, the Vis-  packets is equivalent to the distinguishability of alternatives,
ibility can be defined equivalently in terms of the maximum 54 in either case there will be no interference.
and minimum proba_b|llt|e§>max andP . The down-conversion process itself produces amplitude
The visibility provides a measure of the completeness Obackets with spatial spread. Although the pump-laser field
the interferenceY =1 represents full interference whéxf  has a very small spread of wave numbers and so can be well
=0. WhenA¢ is increased, the visibility of the interference represented by plane-wave amplitudes, down-conversion
fringes decreases. As explained in the following, be-  photons emerge with a considerable spread of wave numbers

_ Nmax_ Nmin _ I:’max_ I:’min
I\Imax—" I\Imin Pmax+ Pmin,

(11)
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Ak. The uncertainty principle tells us that there will be a of the beams and by bandpass filters in front of the detectors.
corresponding spatial spread of at least the order\gf By knowing the properties of these components, we can es-
=1/Ak. Thus a large spread kimeans a narrow spreadsn  timate the size of an amplitude packet, relate it to the coher-
which in turn means that it will be technically difficult to €nce length, and use it to explain when an interference pat-
overlap two such amplitude packets. tern will occur and when it will fade away.

The spread of the amplitude packets of the down- Ve already mentioned that an equivalent analysis is pos-
conversion photons occurs even though conservation of er§iPle in terms of distinguishability and indistinguishability.
ergy assures tha, +ks=kj, to within the very narrow en- Although indistinguishability is a somewhat slippery con-

ergy spread of the pump laser. There can be appreciabféept' i_t is reasonably clea_lr how to apply it to our interfere_nce
variation in the individual values d€ andk, without violat-  ©XPeriments. By measuring the time delay between the idler

ind the conservation of enerav. becatsés allowed to de- and signal photons, our apparatus can, in principle, distin-
ng vall 9 ! s ) WeC guish a longer path taken by a photon passing through the
viate fromk, by some amount, call it-k, if ks deviates by

: _ interferometer from a shorter path. The time delay between
a compensating amount k. Down conversion produces the detection of the tag photon and the photon passing
pairs withk; =ko+k andks=ko—k with appreciable values through the interferometer will be longer when the photon
for k, wherek, is the central wave numbdithat is, k,  takes the longer interferometer path than when it takes the
=Kky/2). As a result, down-conversion photon pairs have ahorter one. The time delay will be the difference in path
much wider spread of energy than the pump photons, antkngthsA¢ divided byc, the speed of light.
they also are strongly correlated in energy because whatever The spreadAk of the wave numbers of the down-
the sign and amount dt for the idler photon, the signal conversion photons leads to a spre&tlin the difference
photon must havek of the same magnitude and opposite between the times when the two photons arrive at their de-
sign. tectors. As long as the difference in path lengths through the

This energy correlation of the down-conversion photons igwo interferometer arms does not correspond to a difference
a manifestation of an unique quantum property called “en-of travel time greater thait, we cannot distinguish which
tanglement.” Entanglement refers to the production of twopath the signal photon took through the interferometer. But
(or more particles in a state that has correlated propertiesvhen the difference in interferometer path lengthé be-
(such asky+k andky—K), but where neither particle pos- comes large enough so thaf/c>At, the time at which a
sesses a definite property until a measurement is made. [fhoton taking the longer path is detected in coincidence with
our case entanglement means that neither down-conversiahe idler will be distinguishably longer than that of a photon
photon is in the staté&y+k until a measurement is made. taking the shorter path. In principle, we will then be able to
The measurement of one photon puts it randomly into a defidistinguish which path a photon takes, and there should be
nite state and the other photon goes automatically into theo interference. The distancét is a measure of the spatial
correlated state. Thus if a measurement of the idler photoaxtent of the amplitude packet and is called its coherence
yields ko—k, the signal photon will then be in the std#tg¢  length¢,. Thus we expect that with ¢ ~0, there should be
+k, and vice versa. An example of a state vector representan interference pattern, but whext¥ becomes the order of
ing such entanglement before the measurement is {., the amplitude packets no longer fully overlap at the in-

1 terferometer output and the pattern fades away.
|</f>:E(|ko+k>s|ko_k>i+|ko_k>s|ko+k>i)y (12
D. One-photon interference with different coherence

where the subscripts andi refer to the signal and idler |engths
photons. Although Eq12) is a special case, it illustrates the
characteristic property of an entangled state: It is a nonfac- We control the value of . in our experiments by limiting
torable combination of single-particle states. the spread of wave numbeak with bandpass filters placed

A very general representation of the possible states of & front of the detectors. The properties of such filters are
pair of down-conversion photons is the continuous superpodsually expressed in terms of the spread of wavelengis

sition of state vectors®1® that they transmit around a central wavelenggh Hence, it
is customary to expreds.=cAt in terms of these quantities.
s = f dksf Ak (ks ki) K)o K); (ks + ki — ko), Becauseko=2/\,, it follows thatAk=2wAN/A2 if AN is

(13) small compared tony,. Then the coherence length,

_ ) _ _ =\3/A\. The data shown in Fig. 3 were taken with
where &(ks+ ki —ko) is the Dirac delta function. The details _g15 8 nm down-conversion photons and with 10 nm band-
of this general state reside in the form of the amplitudey,ss filters in front of the detectors. The corresponding co-
¢(ks,ki), which can be and usually is a function of many herence length is 8&m.
more variables thark. If ¢(ks,ki) is not factorable into  As A¢ increased and approachéd, the visibility of the
separate functions & andk;, the state is entangled. As we data in Fig. 3a) decreased. For example, when we increased
have noted, the apparatus can shéfks,k;) to be nonzero A¢ to 36 um by turning the micrometer of the linear stage
over a restricted range aik aroundky and result in an where the piezo-driven mirror was mounted, we measured
amplitude packet arising from a coherent superposition ofringes (not shown with a lower visibility V=0.31+0.05.
correlated energy eigenstates with some range of energi&¥hen A¢ was increased to 144m, we obtained the data
AE=chAk and with a corresponding spatial extent. shown by the circles in Fig.(B). In other words, when the

In our experiments the bandwidth of a packet reaching oupath lengths through the interferometer differed by more than
detectors is determined chiefly by irises that define the pathé;, the fringes disappeared into the noise. When the differ-
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ence in path length through the interferometer arms is this 4000

Fony
large, the packets do not overlap, and the apparatus is ca- 2 3500 ﬁwwww W oo
pable of distinguishing which path a given photon took. The ‘é 3000 3
amplitudes then combine according to Feynman’s rule 3, and § 2500 #0000 g
there is no interference, that iB=2RT. E g
As a dramatic demonstration of the effect of the magni- & 20001 o0 &
tude of the coherence length, we placed a 0.1 nm filter in £ 1500 N
front of the idler detector witA ¢ =144 um. The new filter & 1000 Joo §
increased the coherence length to 8408, and, as can be % 500 g
seen by the squares in Fighd, the fringes reappeared with § o , &

a visibility of V=0.59+0.04.
Note that we placed the 0.1 nm filter in front of the idler 8f2n

detector anchot in front of the .Signal deteCtOf. Because of Fjg. 4. Data for the interference of two collinear photons going through the

the emanglement between the idler and the Slgnal _phOtons’Cgichelson interferometer. The coincidence data correspond to the cases

mak_es no difference whether we change the fllter in front ofynen the path-length differenck¢ was approximately Gsquarel 47 um

the idler detector or the one in front of the signal detector circles, and 210um (triangles. The crosses<) are the data collected by

The signal detector had a 10 nm filter in front of it. This a single detector when¢=237 um.

result is a dramatic demonstration of the energy correlation

between the two photons. Reference 20 gives an interesting

interpretation of this result in terms of the collapse of theThere are two interference patterns present, and the data

wavefunction of the idler and signal photons. show a progression in which one pattern remains and the
other fades away as¢ is increased®

o
-
[N
w

IV. BIPHOTON INTERFERENCE B. Biphoton: Interpreting the results

In the one-photon experiment, interference arose from the The pattern forA¢~0 can be predicted by the same
superposition of the two amplitudes describing two indistin-method that we used to predict the one-photon interference
guishable alternate paths by which a single photon coulthattern. We identify the possible paths through the interfer-
produce the same outcome. If we send two collinear photongmeter and write down the corresponding plane-wave ampli-

into the interferometer, the number of alternatives increaset%des modified by appropriate factorsroéndt as they pass

to four, and the outputs are determined by the sUperpositiog o,,4h the interferometer. Because there are two photons,

of four amplitudes. We should expect that the interference,, -, path will have associated with it the product of two

pattern arising from four amplitudes will be more compli- i, q1e_photon amplitudes. The wave numbers in these factors
cated than the one observed in the one-photon experiment, a3 ,st he modified to take entanglement into account.

is indeed the case. Two-photon experiments exhibit interfer- £ example, consider the possibility corresponding to

ence éhatdis fourth;ﬁrder in ]Ehe _I?'ECF”C IﬁEI?] ;athgrt tr}ancase A of Fig. 5. Here the two entangled photons are viewed
Z(ra]z?ane -O(rar'errrér]stsln des?:rnt;?a:je'nag]é::arlﬁg%g e-photon INerterys yraveling together in arm 1. With andt being respec-
xper ' ! ' ' tively the reflection and transmission amplitudes of the inter-

ferometer’s input beam splitter, the amplitude is
A. Biphoton: Experimental results rte!(kotKlirteiko k= r2t2ei2%kof1 The use of+k in one

We did two-photon experiments with a Michelson interfer-
ometer used as described in Refs. 21 and 22. As shown in —
Fig. 1(b), photons from the 402.4 nm pump laser entered a M A B
down-converter crystal oriented to emit a collinear pair of
equal-wavelength photons. The crystal sat between two 1
crossed polarizers. The first polarizer ensured that pump pho- B
tons entered the crystal horizontally polarized, and the sec- — Ij =
ond polarizer ensured that only vertically polarized down- p 2
conversion photons entered the interferometer. The entangled n Mp "T
pair of down-conversion photons passed through the Mich-
elson interferometer and then to a beam splitter, each output
of which was viewed by an avalanche photodiode detector. I
We recorded only the events that produced coincidences be- C D
tween the two detectors.

Our data are shown in Fig. 4. They are coincidences plot-
ted as a function ob, which was extracted from the fits to Ij Ij

the data, as described earlier. The data were taken with three
different interferometer settingd:¢ ~0 (square as verified v M
with white-light fringes, A¢~47 um (circles, and A¢
~210um (trlangles. Both detectors had 10 nm filters in Fig. 5. Four possible paths for two collinear photons in a Michelson inter-

fr_ont of them. As _iS p_artiCU|ar|y apparent in the data of soliderometer. The labeled components are nonpolarizing 50-50 beam splitter
cwc!es,. the resultmg interference patterns are the sum of tw@s), mirror (M), and mirror moved by a piezoelectric stadkp). The output
oscillations, one with a frequency twice that of the other.ports are labelea andb.
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factor and—k in the other takes into account entanglement o =v2r?t?[ e'?*of1+ g'2kof24 pglko(latEz)cosk(E1=2)],

by specifying that if one photon differs from the central wave (29
numberk, by +k, the other must differ by—k. For this  \ye gypstitute Eq(19) into Eq. (18) to obtain Eqs(14a and
particular amplitude the two deviations from the central(14b 25

wave number cancel.

. . In our ndD can me distinguishabl
For the path corresponding to two photons traveling our setup case€ andD can become distinguishable

while A and B remain indistinguishable. This case occurs

i ey 2ai 2Ko
through arm 2, a similar argument gives *e'*o"2. Note when we increaséa{¢ to about 210um. Then we obtain the

that the presence of two photons in the same arm of th : - :
interferometer multiplies the phase of the amplitude by aaata represented by the triangles in Fig. 4. If we apply Fey

factor of 2 nman’s rule to a situation where casésand D are distin-

We also must include the amplitudes for cases C and D uishable, we must add their contributions separately to the
Fig. 5. In case C, one photon, say the idler, is imagined a inal probability. Caseé& andB remain indistinguishable, so

traveling through arm 1 while the signal photon travels p2:|r2t2(ei2ko€1+ei2ko€z)|2+ R2T2+ R2T? (209
through arm 2. The corresponding amplitude is

rte! kot itreitko=K 2 There is a similar amplitude for the =2R?T?[1+cos 25]+2R?T? (20b)
same paths but with the two photons interchanged. In these 1

amplitudes there is no cancellation of the wave vector devia- =4R?T?[ 1+ 5Cos 25|. (200
tionsKk.

The probability of passing through the interferometer is Equation(20¢) predicts both the reduction in the magni-
the square of the modulus of the sum of the probability amtude of the amplitude and the doubling of the fringe fre-

plitudes for cases A, B, C, and D, guency shown by the triangles in Fig. 4. For comparison note
P,=|r2t2(e'2ol1+ giZkol24 2 that the single-photon fringdthe crosses in Fig.)dbbtained
. by one of the detectors whefi¢ ~37 um clearly have a
X cog k(€ ,— €,)]ekoltat(2))|2 (143  frequency which is half that of the two-photon fringes.

We fit our data with a version of Eq14b) parameterized

— 212
=2R°T?(1+2 cos[kAL]+4 to describe the visibilities of different parts of the overall

X cog kA €]cosé+ cos 25). (14p ~ pattern:
Notice that ifkA¢<1 Eq.(14) simplifies to Nc=No[2+Vo+4Vcp CoS5+ Vg COS 2], (21)
P,=2R2T?[3+C0s 25+ 4 c0sJ] (159  WhereNc is the number of counts recorded in some chosen
time interval.Vy andVp are related to the visibility of the
=4R’T?[1+2 coss+cos 5] (15D one-photon pattern, andag/2 is the visibility of the two-
= 4R?T?[ 1+ c0s5]2. (150 photon interference pattern. We will give further justification

for this parameterization in the following section.
The result of Eq(15¢) predicts fringes that are narrower than ~ The data recorded when the difference in path lengths
the single-photon interference fringes. In this respect thesghrough the interferometer is zefsquares in Fig. pare well
quantum multiple-path interferences are analogous to mulit by the solid line which is Eq.(21) with No=442
tiplebeam wave interference: the more interfering pdtrs 13 counts(2s), Vag=0.98+0.08, andVcp=0.98+0.02
beams, the narrower the fringe¥. The curve passing (Vo=0.99+0.02). That is, the data are consistent with Eq.
through the squares in Fig. 4 shows that Ekpo) provides  (15). there is full indistinguishability of the four possibilities.
an excellent fit to our data for the case whefi~0. When the path lengths through the arms were made to differ

We can arrive at the same theoretical interpretation using,, 47 um, we obtained the data represented by the circles;
the state vector formalism. We start with a symmetrizedase are well fit USingV s =0.81+0.09 andVep=0.15 '

wavefunction like Eq(12), and replace the input wavefunc- +0.07. These visibilities show that cas@sand D are be-
tions by coherent superpositions of the wavefunctions for_ "~ * ="~ . LT
oming distinguishable whil& andB remain indistinguish-

oing through each arm, as done in Sec. Il A for the case of g ) :
?he gingle %hoton. The photon leaving the interferometef"‘ble' Finally, when the path-length difference was increased

away from the source is in staf@, and the photon returning tp 210 um, the part of -the pattern arising fr.om the possibili-
to the source is in stai®). The state vectors then become 1i€S Of the photons taking separate pathst is, case€ and
(k) koK) D) essentially vanishes, and the dér@éangles in Fig. 4 are
[ko £ K)si=re' 0= 0% (t[a)g i+ r|b)s ) +te' o= %(ra)g; g using justVag=0.51+0.13 andVcp=0.01*+0.05. This
+t|b)s,). (16)  resultis consistent with Eq200).

After some algebra we find that the state vector is given by
|y)=ala)da)i+ Bla)s|b)i+ y|b)s @i+ elb)gb);, (17) C- Biphoton: Calculating the coherence length

wherea, B, v, and e are complex functions of the interfer-  To understand why the above data behave as observed, we
ometer lengths and wavenumbers. Because we detect teed probability amplitudes that take into account the finite
case when both photons leave the interferometer in &ate spread in wave numbers. We avoid the complete thedoit

the probability that both photons go through the interferom-construct model amplitudes complicated enough to contain

eter is the essential features of the experiment and simple enough to
_ P allow students to work quantitatively with the concepts of
Po=[(ds(ai[¥)|*=aa, (18) coherence length and entanglement. We make such model
where amplitudes by assuming that the valueskathat appear in
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Eq. (14b) are distributed uniformly over an intervalk cen-
tered onky. We then build the amplitudes by integrating the
relevant terms.

We replace 2 cdgkA() in Eq. (14b) by (1+ cos XA¢) and

integrate over the uniform distribution &fto find §
s 4
1 [ +Ak2 3
P,=2R?T?| 1+ — (14 cos XA€)dk £ ]
AK J Ak ]
1 [ +AkR2 )
+4 —J cogkA¢)dkt cosé+cos25).
AK J-ak2 1
(22) 0 90 180 270 360
6, (degrees)

The first integral in Eq(22) gives[1+sinc(AkA¢)], and

the second gives sindkA€/2), where the sinc function is Fig. 6. Coincidences per second as a function of the orientation of polarizer
defined as, P, in front of the signal detector for two settings of polarifgrlocated as
shown schematically in the insert.

sinx
singx)= ~ (23
V. POLARIZATION AND INTERFERENCE
and might be familiar to students who have analyzed single- ] ) .
slit diffraction. Forx=0, sinc(0)=1, and asx increases, A. Polarizer as a wavefunction projector

sinc(x) oscillates with diminishing amplitude around tke We can use a polarizer to transform the polarization states

axis. Its first zero occurs when=m, that is, sincgr)=0. of our photons. The effect of the polarizer is conveniently
The result is that with a uniform distribution of wave num- described in terms of vectors corresponding to its transmis-
bers, Eq.(14b) predicts that sion and extinction directions. If we represent the horizon-

 Am22 . : tally and vertically polarized states of photons |&8 and
P2=2RTA (2 +sind AkA L] +4sing AkA (/2] |V), respectively, the polarizer with its transmission axis
X 0SS+ C0os 25). (24)  forming an angled with the horizontal will transform the

] . ) photon states into the new basis states
The sinc terms result in the loss of interference when the

distance a photon travels in one arm of the interferometer | To)=COS8|H)+sing|V) (25
becomes appreciably different from the distance it travels ifor the transmission axis, and
the other. Both sinc functions go to zero wh&fi becomes )
appreciably larger than Ak. The smallest value of the ar- [Eg)=—sin6|H)+coso|V) (26)
gument for which both become identically zero AKA¢ for the extinction axis. Because the polarizer transmits pho-
=2. This value occurs wheh ¢ =27/Ak, the quantity tons in the|T,) state and absorbs photons in {ii&) state,
earlier identified as the coherence length the transmission probability of a photon in stag is
When eitherAk=0 as for our earlier plane wave treat- P=|(T,|4)|2 (27)
ment or whemA¢~0 (white-light fringes, Eq. (24) reduces i
to Eq. (158. And when the difference in the lengths of the AS We have noted, the type-l down conversion of our ex-
paths that they travel through the interferometer arms beP€riments generates two vertically polarized photons, that is,
comes large relative to the coherence length, the terms in E4! the statdV). In an experiment where the down-conversion
(24) multiplied by the sinc functions drop out, and Eg4)  Peams went directly to the detectors, we placed two polariz-
reduces to Eq(200. ers, labeled 1 and 2, on the path of the signal beam as shown
This analysis confirms our earlier interpretation. The inter-in the insert to Fig. 6. We set polarizer 1 with its transmission
ference patterns of Fig. 4 arise from two different modes ofXis verticalthat is, ;= 7/2), and varied the angle, of the
interference. In the AB mode the biphoton produces the insecond polarizer. The circles in Figiabshow that the varia-
terference pattern of a single photon with the wave numbetion of the coincidences as a function @&f is well described
and the longer coherence length of the pump laser—so longy
that we did not include it in our analysis. The CD mode of _ 2_ o
the biphoton produces single-photonyinterference of down- P=[(To,IV)|*=sirf 6. (28)
conversion photons with the much shorter coherence length But the polarizer does much more: it also projects the
that they acquire in down conversion. The presence of thghoton state onto the transmission state. That is, the state of
two modes and the fading of the CD modeZsSis increased  the photon after the polarizer i ,)(T,|#). If we rotate
to and beyond the CD coherence length explain the progregssjarizer 1 so that it forms an anglg with the horizontal,

sion of the curves in Fig. 4. hen the state of the photon before the second polarizer will

Our biphoton experiments are a reminder to be carefu e o ;
. X ; ; e|Ty. X{Ty.|V), and the transmission probability will be
interpreting Dirac’s statement that “interference between two | 91>< "1| ) P y

different photons never occurs:® As Glauber has pointed P=[(T,| Ty WTy |V)|2=coS(6,— 6;)sir? 6;. (29
out?’ it is amplitudes that interfere. The biphoton illustrates z !

that interference can occur regardless of the number of phoFhe squares in Fig. 6 represent the datador 37/4, and
tons involved. are consistent with
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P= 1cog(6,— 3ml4). (30

The lines in Fig. 6 are fits of the functioN.=N,co<(6,
—¢) to the two data sets. The amplituddg of the fits have
a ratio of 0.45-0.10, and the fitted phasesdiffer by 41°

+3°, consistent with our expectations. Notice that the
minima of the two graphs in Fig. 6 do not occur at the same

angles. When#,# w/2,3m/2, the probability is no longer
zero atf,=nsr (integern).

B. The quantum eraser

Our quantum eraser experiment, which is like those of

Ref. 28, further illustrates the importance of indistinguish-
ability and which-way information. (Schneider and
LaPum&® have recently reported using an attenuated sourc
to do a similar experiment.

800

700 1

200

coincidences in 20 s

v, )

Fig. 7. Data from the quantum eraser experiment when the interferometer
Faths are indistinguishablequare} distinguishablécircles, and when the
distinguishing information is erased by placing a polarizer after the interfer-

We arranged our apparatus as described in Sec. Il A, butmeter(triangles.

with a first-order quartz half-wave plate in one arm of the

interferometer and a dummy quartz wave plate in the other

arm to compensate for the added optical path lerdéshed
rectangles in Fig. )1 By aligning either axis of the half-wave
plate (fast or slow with the polarization of the down-
conversion lightthat is, vertical and stepping the voltags,
on the piezo, we obtained the graph shown by the squares
Fig. 7. The result is well described by a parameterized ver
sion of Eq.(8). A least-squares fit t?tNy(1+V cosd) gave
No= 392+ 20 (counts per 20)sandV=0.79+0.06.

The rotation of the half-wave plate by an angbeotates
the polarization by @. The state of the photon emerging
from arm 1 is given by

|€1)=rt[cos 2p|V)+sin 2¢|H)],
and the probability of detecting it is

(31

P=RT|e'%1|¢,)+€ %|V)|?= }(1+cos 2¢ coss), (32
for R=T=1/2. When¢= =/4, there is no interferendghat

+0.01 at these wavelengths. If we correct for this attenua-
tion, the ratio of the two amplitudes is 0.4D.10, consistent
with the predicted 1/2.

. We have introduced this experimemtith ¢= 7/4) in our
H}st—year introductory physics class. The experiment illus-
trates some of the basic ideas of quantum mechanics dis-
cussed in this cours8.Because there was only one setup,
students took turns doing the experiments. The results were
explained using the concepts of the distinguishability of
paths.

VI. DOES THE PHOTON EXIST?

Is there actually such a thing as a photon? We wanted
students to confront this question, because it is fundamental
to the interpretation of our experiments and because the evi-

is, P=1/2) because the apparatus associates a distinct polatence for the photon is less obvious than students are given
ization state with each possible pat¥) for one path and to think. The Compton effect and the photoelectric effect are
|H) for the other. This setting of the wave plate has the effectisually cited as evidence for the photon’s existence, but both
of making the paths distinguishable, and the presence of sudfects can be explained as arising from the interaction of a
distinguishing information results in the absence of interfer<ontinuous(classical electromagnetic field with matter pos-
ence even if the photon’s polarization state is not measure@essing quantized energy states. Such “semiclassical” theo-
The circles in Fig. 7 show the data obtained wifen /4. A ries have no photons; quantum properties are associated only
fit gives No=286=18 (20 sy ! and V=0.01+0.08, show- with matter, not with the electromagnetic field.
ing that there is indeed no interference. Tagging the signal photon with the idler photon allows us
We can erase the distinguishing information by projectingt® S&Y with considerable certainty that the amount of energy
the two orthogonal states with a polarizer setrd relative N OUr apparatus corresponds to the energy of a single pho-
to the horizontal and locatedfter the interferometer. The [©oN- Consequently, if we direct this energy onto a 50-50
projection amplitudes betwedH ) and|V) and the polarizer beam splitter and look with detectors at the two outputs, we

state|T ;) are the same. The state of each photon after sucﬁhou.klj be_ albli to d'St.'?]g.u'Sh ex_per|merf1_talltljy b((ajtwheer; ltlhe
a polarizer is semiclassical theory with its continuous field and the fully

quantum theory with its discrete photons.

IT ) (T sl HYE L+ (T 4 V)e'?2), (33 In the semiclassical case the two detectors should register
so the probability of detecting a photon is counts in coincidence with e_ach other. The semiclassical ex-
P y gap planation of the photoelectric effétpredicts that detectors
P=1(1+coss). (34) using the photoelectric effect and sensitive to some fre-

_ o i _ quencyf—the kind of detector used in most quantum optics
The triangles in Fig. 7 show the data obtained with a polarexperiments, including ours—can register counts when illu-
izer oriented atd= /4 after the interferometer. A fit to the mjinated with light down to arbitrarily low intensity levels. If
data givesNy=64=8 (20 s) ! andV=0.82-0.12, showing there were no such thing as a photon, an electromagnetic
that the polarizer erased the distinguishing information. Thavave striking a 50-50 beam splitter would divide if the semi-
inserted polarizer inherently attenuated the light by 0.46classical wave picture is applicable. Half of its energy would
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140 cuit to detect double coincidences of the idler detector with

120 g S, and the idler detector witlsg; triple coincidences were

recorded as coincidences of the doubles. The idler detector

had a 1 nnfilter in front of it, and the two signal detectors
had 10 nm filters in front of them.

#} The time window for coincidences in the doubles was set

}

100+

) §* -

0 to 40 ns. Each double coincidence was recorded when the
signal photon(A or B) arrived within 10 ns of the idler
photon. The predicted rate of accidental coincidence of
doubles for our setup was2x10 ®s1. We tested our
coincidence electronics with fake triple coincidence pulses

coincidences in 10 s

: ‘ . . - generated by a digital-delay pulse generator.
0 10 20 30 40 Figure 8 shows three sets of data. The coincidences be-
v, V) tween the idler detector and signal dete@gr(squares and

Fig. 8. Interference data for signal photons that go through a Mach—Zehnd trhe coincidences between the idler detector and signal detec-
intgerferometer and reach a bgam Fs),plitter with t%vo dete?ﬁgrandsg lo- ptor Se (circles ShQW mterference. frlng_es a_s the pa_th length
cated at its output ports as shown in the insert. The circles and squar&'ﬁerence of the interferometer is varied via the piezo volt-
correspond to double coincidences of the idler detector Bjthand Sg, agev,. The triple coincidencesX( in Fig. 8) do not show
respectively. SymbolsX) correspond to triple coincidences of the idler any counts. As we noted, had each of the photons split at the
detector,S,, andSg. third beam splitter, we would expect an interference pattern
in the triple coincidences with an amplitude of about 12
counts in 10 s. Consequently, our data are consistent with the
emerge from one output and half from the other, and theconclusion that some appreciable number of the photons do
detector at one output should detect electromagnetic energyot split.
in coincidence with the detector at the other.
If the field is quantized, however, there should be no co-
incidences. If the field quantum, the photon, exists and i8/ll. SUMMARY AND CONCLUSIONS
indivisible, and if there is only one in the system, the detec- .
tion of a photon at one output means no photon will be We have developed undergraduate level experiments thgt
detected at the other. In the absence of background radiatioHS€ & Source of correlated pairs of photons to illustrate basic
we should never detect electromagnetic radiation at one d&finciples of quantum mechanics. The results from our table-
tector in coincidence with the other. top experiments are simply explained when the mterferom_—
With our apparatus we could have performed a version oft€rs are adjusted to have nearly equal length arms. In this
the 1986 experiment by Grangier, Roger, and Asfect, case we can use Feynman’s explanation of quantum !nterfer—
which shows conclusively that photons never divide at aar;_ce in terms of simple plane-wave probability amplitudes.
beam splitter. Greenstein and Zajshbave given a particu- Vit the help of the concept of coherence length, more com-
larly clear and well written analysis of the results of Ref. 32, Plicated situations of interference can be understood in terms
Recently, Beck and colleagues have used down-conversidlf distinguishability and indistinguishability. The interfer-
ence of single photons also provides a physical situation in

to do a similar experiment in an undergraduate sefting. ; X X
We did not test photon behavior at a beam splitter as thor‘—Nh'Ch students can learn to use state vectors to investigate

oughly as in Refs. 32 or 33. Instead, we did an experimenftat€ Projection, basis change, and the calculation of prob-
that could be set up quickly from the existing configurationab'“t'es for a particular outcome. The experiments also pro-

for the interference measurements and give results in a fey/de dramatic teaching moments for the discussion of funda-

minutes of data taking. Our approach was to add a thirdnental questions about the nature of light and the concepts

beam splitter at the output of the interferometer, with a lens®f quantum mechanics.

filter-detector set located at each of its output ports, as shown 1N experimental setup fits on & 24’ optical bread-

in the insert in Fig. 8. The signal photons could then eithef0@rd, requiring laboratory components that individually do
transmit to detecto8, , reflect to detectoSg, or potentially ~ nOt €xceed $7000. The experiments can be done without pre-
split and be detected by both. For every signal photon pasdi0US research experience with photon guantum optics.

ing through the beam splitteithat is, via transmission or . 11€ single-photon experiments presented here can be used
reflection, the probability of detecting it i = Pg= 7o, in undergraduate courses in quantum mechanics for which

. . . ... laboratori n monstrations are rare. By replacing th
where 7, is the detection efficiency past the beam splitter. aboratories and demonstrations are rare. By replacing the

) il down conversion crystal, the apparatus can be used to mea-
For our apparatus we estimategl,dA=915.8 nm}=0.18 g 1e the violation of Bell's inequaliti€sThe building phase

+0.02, the product of the transmission efficiency throughgf each experiment makes an excellent upper level under-
the lens and filter (0.5%0.02) and the quantum efficiency of graduate project.

the detector (0.360.02) ® The probability for two simulta-
neous detections at detectors A and B Fsg= nﬁbs
= 7ppP A= 7ppPe - Thus, if every photon that contributes to ACKNOWLEDGMENTS

the interference pattern splits at the third beam splitter, the \wg are indebted to P. Kwiat, whose ideas and help were
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Table I. Prices of essential components of the basic setup.

Description Vendor Model Each No. Comment

Diode laser Power Technology 1Q2C18/5911 $6400 A =402.3 nm, 18 mW

Crystal Cleveland Crystals $1000 1  beta-barium-borate,
TXT7X5mm

Crystal mounting Thorlabs PR8IKMPM $370 1  prism mount and rotation
stage

Detectors EG&G/Pacer SPCM-AQR-13 $4100 2  avalanche photodiode

Filters Andover CWiIL $600 2 10 nm filter for)J,

Lens mount Thorlabs LM1XY $140 2 XY translation

TAC/SCA Canberra 2145 $1840 1  module

Multichannel scaler Canberra ASA-100 $3500 1  computer card

Counter National Instruments PCI660BNC2121  $700 1 4 counter PC card

Optical breadboard  Thorlabs T2448A $1150 1 ">’

with the equipment. This work was funded by a grant fromhardware, where the optics are very close to the optical table,
the National Science Foundation DUE-9952626. to be less versatile but simpler, less expensive, and more
stable against vibrations.

APPENDIX A: COST OF COMPONENTS APPENDIX B: DOWN CONVERSION

We did not have prior experience with these types of ex- gpontaneous parametric down conversion is a well studied
periments, and the cost of the essential components listed {fyjinear optics effect. In brief, it involves the use of a bire-
Table | is intended for those with similar inexperience. Thefringent crystal to convert an incident pump photon into two

total cost of this essential equipment is about $25,000. Tablghoions, the signal and the idler. As mentioned, this process
| does not include the standard mounting hardware or th%onserves energg=%ck, so that
optical hardware to steer the laser onto the down-conversion '
crystal, which may add about $1,000 to the total price. The  Kp=Ks+ki, (B1)
price of the blue diode laser that we list is for a module thaRNherek k. andk: are the wave numbers in vacuum. Here
includes current and temperature control and beam-shapin A trezst' o;’Iy deglenerate down conversion whtegerlk-

1

optics. The price of the bare laser diode is much lower . X
($1000—200D? =kp/2. Consider the case where the down-conversion pho-

The essential equipment items for the experiments that wikons Ieave_ the crystal in d|fferen_t dlrectlon_s as shown in Fig.
discussed are listed in Table II. The total cost of these elel(d. If 6. is the angle that the signal and idler photons form
ments is about $6000. It does not include the mounting hardwith the direction of propagation of the pump beam inside
ware and apparatus for steering the down-conversion beane crystal, then E¢(3) becomes
in and out of the interferometef@ mirrors plus mounting Npkp=2Ngks COSH, . (B2)
hardwarg. If we include all of them, the cost is about $9000.

A picture of the apparatus is shown in Fig. 9. As stated, théVe combineks=Kk,/2 with Eq. (B2) and obtain

estimated cost is for “plug and play” parts, provided all is n-=n.cosé (B3)

put together carefully. The cost can be lowered by customiz- P S ¢
ing the electronics and hardware parts. We also tried severdlis not possible to satisfy EqB3) in an isotropic medium,
hardware arrangements. Most experiments were done withecause for normal dispersion the index of refraction de-
optics mounted in convenient magnetic mounts, linked bycreases with increasing wavelength, thatng>ng. This
rods in the interferometers. We found “pedestal” mounting problem can be overcome with a birefringent crystal. The top

Table Il. Prices of essential components of the experiments.

Description Vendor Model Each No. Comment

Cube beam splitter Melles Griot 03BSC027 $120 2 near-IR, nonpolarizing

Prism mount New Focus 9411 $310 2 Beam-splitter mount

Mirror mount Thorlabs KS1 $80 2 high-stability mounts

Piezo stack Thorlabs AE0505D8 $130 1 for changing

Linear stage Thorlabs MT1 $250 1 piezo mount goes on top

Filter Andover CWIL $850 1 1 nm filter for &,

Wave plate Melles Griot 02WRQ0023 $690 1 half wave

Wave plate Melles Griot 02WRQ0003 $590 1 quarter wave

Polarizer Edmund A46088 $250 2 Near-IR polarizer

Voltage amplifier Trek PO516A-1 $700 1 0-150 V to drive piezo

PC interface National Instruments PCI6703 $1400 1 PC card, connector box
BNC2121 and Labview software
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dex of refractionfg(6,,) and the down-conversion photons
have the ordinary index of refraction. Suppose that we wish
to have the two down-conversion photons collinear, that is,
0.=0 in Eq. (B3). Then by settingd,,=25.67°, the pump
beam will have the index of refraction given by the dashed
line in Fig. 10, orn,=Mg(6,)=1.658(at 457.9 nm. If we
want the signal and idler beams to form a laboratory angle of
6, =3° with the pump beam outside the crystal, we can use
- € wi : Snell’s law, sing_=ngsin 6., to obtaind. and find the phase

: (;hevl‘so'n \ e ] matching angled,, that satisfies Eq(B3).
Interferometer A“ gt

Fig. 9. Photograph of the layout for the biphoton experiments. The hardware,
is mounted on pedestal mounts, and the entire layout fits drxal2 optical
breadboard. The path of the light beams is traced in white.
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NEWTON’'S BEQUEST

So gravity was not mechanical, not occult, not a hypothesis. He had provided it by mathemat-
ics. “Itis enough,” he said, “that gravity really exists and acts according to the laws that we have
set forth and is sufficient to explain all the motions of the heavenly bodies and of our sea.” It ¢could
not be denied, even if its essence could not be understood.

He had declared at the outset that his mission was to discover the forces of nature. He deduced
forces from celestial bodies’ motion, as observed and recorded. He made a great claim—the
System of the World—and yet declared his program incomplete. In fact, incompleteness was its
greatest virtue. He bequeathed to science, that institution in its throes of birth, a research prpgram,
practical and open-ended. There was work to do, predictions to be computed and then verified.

James Gleicklsaac Newtor(Vintage Books, 20083 pp. 139-140.
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