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Two-photon pattern in a second-order interference
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An interferometric arrangement utilizing a pair of twin photons, generated by parametric down-conversion,
is devised to show second-order interferences revealing de Broglie's wavelength of the photon pair as a whole
and the Pancharatnam phase depending on the number of photons. This proposed experiment utilizes the
phenomenon “induced coherence without stimulated emission” to generate a coherent superposition of states
distinct from the usual superposition with beam splitters, where the photonsdamendentlgcattered. In this
experiment interference occurs due to recombination of photon trajectories on a beam splitter and also through
frustration or enhancement of the down-conversion proceES&650-2947©@8)04211-5

PACS numbd(s): 42.50.Dv

I. INTRODUCTION state as a whole. The induced coherence without stimulated
emission phenomenon has no classical analog as has been
Recently Jacobsoat al. [1] showed that interferometric demonstrated by Mandel and collaboratpts Spontaneous
measurements ofie Broglie’s wavelength of a composite €mission in this case is several orders of magnitiadiger
object depends fundamentally on the interaction between thifi@n any contribution coming from stimulated emission and,

object and the beam splitters of the interferometer. This inin this sense, the situation analyzed is purely guantum me-

chanical and cannot be explained by a classical theory. A

teraction determines the quantum state of the scatterg ngitudinal multimode theory of PDC is applied to this
beams and, in principle, different beam splitter interactionsana|ysis_

can besimulatedif one knows how to modify the wave

function of these beams appropriately. Il. PRINCIPLE OF THE PROPOSED EXPERIMENT
Two-photon particle sources are easily produced by _ ) ) .

pumping nonlineay® crystals with ultraviolet laser beams The proposed interferometer is outlined in Fig. 1. The two

[2] in the process oparametric down-conversion lumines- C_rySt?]IS NLl(c?ntered aR=RB)_|_and(2l)\lL2 ((jcentered_al?l

cence(PDC). The availability of these particles suggests that—=9) have nonlinear susceptibilitieg'™ and are optically

their de Broglie’swavelength could be measured to check%%ryvﬁ?gon?/érzgg f%ﬁ‘g;em!at;gg @%?igor?t;||r;igg|?§§5_£gh
the lack of energy interaction between the constituent phofrajectories(o,l) and (4,5 are generated at NL1 and NL2,

tons as well as to have the transition frc_>r_n a two-photon_to iﬁspectively. The conjugated beams emerging from NL1 are
_one-p_hoton particle foIIO\_Ned. This transition can be obtaine ixed by the beam splitter BS1 and then superposed to the
in an interferometer designed to allow careful control of thedown-converted beams emerging from NL2. This superposi-
interference processes. _ _ tion process on NL2 is a key step in the sense that it erases
This work explores a viable interferometric arrangementne signature of the absence of photon-photon interaction,
to measure the associated wavelength of controlled superppe | the binomial statistics of the scattered beams produced at
sitions of one- or two-photon states and discuss the obtaine@ds1. The superposed beams are again mixed by the beam
results. This arrangement includes the possibility of intro-sp”tter BS2 so that the detection systédetectorsDg and
ducing a geometric phas@ancharatnam’s phag8]) in a  D-) cannotdistinguish from which crystal a photon was gen-
trajectory, depending on the number of photons present. Twerated[5].
basic interferometric elements are used on the trajectories Distances between the nonlinear converters and the beam
defining interfering possibilities: lossless—passive andsplitters can be piezoelectrically controlled. An arrangement
linear—beam splittergconstant transmissivity and reflectiv- to introduce a Pancharatnam phasen the trajectory 3 is
ity) and a nonlinear two-mode converter. represented by (6). This arrangement is composed of the
The beam splitter exposes the inherent lack of photonfollowing succession of wave plates: a quarter-wave plate
photon interaction at optical frequencies due to the fact thatwith the fast axis at 45° from horizontal followed by a half-
whenever a two-photon wave packet is incident upon it, thavave plate that can be set at an arbitrary arfjtelative to
output state shows a binomial probability of occurrence ofthe first plate axis and a last quarter-wave plate also set with
single photons in either side of the beam splitter, aghde-  the fast axis at 45° from the horizontal. A horizontally po-
pendentscattering process for each constituting photon. Orarized photon reaching the first plate will be circularly right-
the other hand, the phenomenonimduced coherence with- polarized and passing by the half-wave plate will be set left-
out stimulated emissiois used in the two-mode converter to polarized and will emerge again horizontally polarized after
produce enhancement or inhibition of photons, as an activéhe last quarter-wave plate. In Poincarsphere of polariza-
qguantum “beam splitter” able to interact on a two-photon tion [6] this will be represented by a closed circuit on its
surface defining a sector of angl®.2
This experimental setup is able to produce either two-
*Electronic address: gbarbosa@gold.com.br photon or one-photon states through controlled variations of
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FIG. 1. Two nonlinear crystals NL1 and NL2 are optically pumped by the same laser beam. Down-converted fields propagate on
trajectorieq0,1), (2,3), and(4,5). The conjugated beams emerging from NL1 are mixed by the beam splitter BS1 and then superposed to the
down-converted beams emerging from NL2. The superposed beams are again mixed by the beam splitter BS2 so that the detection system
(detectorsDg andD+) cannotdistinguish from which crystal a photon was generated. A Pancharatnam @luasthe trajectory 3 can be
introduced by the set of wave plates representetl bg).

wave-packet superpositions at the output of beam splitteHereQ)=w+ ' —w,, 7; (j=1,2) is the quantum efficiency
BS1. Pancharatnam’s phagecan be introduced through of the crystalj and ¢;(w,,»,’) is the spectral function of
U(#) on path 3 and the superposition of states generatethe down-converted light, symmetric inandw’, peaked at
from down-converters NL1 and NL2 on BS2 makes it pos-, =’ = » /2= » and normalized so that
sible to obtain second-order interference patterns of one- P
photon and two-photon states at the detection system.

The analysis of these possibilities given by this experi-
mental arrangement demands a study of the complete quan- (T 2_
tum state produced at beam splitter BS2. This quantum state 2775(0; |$i(@p0p=@,0)"=1. @
should contain all information that can be obtained with the
photon counting system, such as dependence on controlled

variations of the photon trajectories and on Panchratnam’similar crystals will be considered such that the inglér

angleé. the spectral function can be dropped out.
In the case where the time interval between two succes-
lIl. QUANTUM STATE sive down}cohnveéjr5|ons is Iongdcct))mparedhto ft_he codherence
OF THE DOWN-CONVERTED EIELD time Tpc of the down-converted beams, the first-order ap-

proximation (1) for the unitary time evolution operator is

The pump beam will be represented classically by a comsufficient to describe the main features and characteristics of
plex analytical signaV(t)=Ewpv(wp)exp(—iwpt) and such the systeni8].
that its mean intensityl ,) = (V* (t)V(t)) is in units of pho- The following identifications are introduced after consid-
tons per Secon@pproximation of narrow bandW|dth detec- eration Of the transformatlons on the beam Sp|ltterSI
tion). The phase-matching conditions define basic directions
for the down-converted modes. These directions will be ex- ,
perimentally specified by pinholes placed along the photon U(wp)ele
trajectories and in such a way that transverse effects due to
the finite size of the pinholes can be neglected. Under this
usual approximation of considering only longitudinal varia- 31 ()e K Ro=[ 7a](w)e! %673+ RaL(w)e *72]e * o,
tions, the first-order approximation for the unitary time evo- (4)
lution operator, in the interaction picture, redd$

'ROZU(a)p)e_inp, (3)

~ o 32 A —iK- A i0aioT 2 iwTo1al0T
U(t,00=1+ ME 1wy, 0,0 )v(wp) al(w)e ™ Ro=[Ra)(w)e'% 3+Tag(w)e"" 2]e'em,
N2m e ep 5
sin(t/2) €1 0U2gi(Kp=K—K')-Ro3T( )3 ( ")
(Q2/2) 0 ! where R, 7 are the compl flectivity and t issivit
: plex reflectivity and transmissivity
(50)%2 [9] of the beam splitter BS1, arat, is the length of the arm
7721 0® ' labeleda of the interferometer outlined in Fig. 1. Substitut-
+
N Ew: % % Palwp,,0")v(wp) ing Egs.(3), (4), and(5) in Eq. (1) and considering that the
Q) down-converted modes are in the vacuum state at time
SIN(QM/2) () on A =0, we find the final form for the state of the field at a later
SRR owat T ,
() & tal@)as(e). D fimet:
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72(8w)? sin(Qt/2)
[#(0)=Ivag + == TR 2 Hlop.w.0 (0= 21} 1, )5
71(8w)%? SINOQU2) 6112 i wromio’ 7y amiogr 20 (w+ o)
+ T % > 2 d(wp,0,0' v(wp)we el @nogl @ e~ 1opT[ (TR e 31,0410 )4

+TRE 7|1, 6] 1,)6) (1= 8, )+ V2(TREA @90 78|2,), + TRE W 9)72[2,)6) 5,

+ TZEi Heiw73eiw'72| 1w>4| 10),)5_{_ R 2ei 06iw72eiw' 7'3| 1w’>4| 1w>5] (6)

IV. RATES OF PHOTON DETECTION

The state|(t)) given by Eq.(6) expresses the input state at the beam spliter BS2. Photon detection rates for the

down-converted light on the output side of BS2 can be easily obtained from the electric field opEatéts and E{7(t)
expanded in terms of the annihilation operators at the input of [BSP

. Sw\? . . A : :
Eéﬂ(t):(Z) > [Ray(wg)€'“s7+ Tag(wg)e “s7s]e !,
we
. Sw 1/2 . ) . ) ) (7)
E%“(t)=(5) 2 [Tay(wy)e 7+ Rag(wy)e“7"s]e” 7,
w7

whereR, T are the complex reflectivity and transmissivity of the beam splitter BS2. The rate of photon detection by detector
D¢ at timet is proportional to

Re(1) = (¥ (D[ES(DEST (O] #(1))etas. ®

where the external angular brackets stand for the average over the classical ensemble of laser amplitudes. The rate of photor
detection by detectoD, can readily be obtained froRg(t) by the substitutionT—R, R—T. Equations(6) and (7) give
directly Rg(t):

sin(Qt/2 . .
72(6w 2 u(wp)¢(wp,Q+wp—w,w)M[e_'mﬂz_T4)R€'("’P_“’)(T“_t)|1w>5

Re(t)=
° < o (072)

2 .
» B — B n1(dw) sin(Qt/2)
+ e Q2= 75) T di(0p~w)(75 t)|1w>4]+2—2 2 2 U(wp)¢(wp,ﬂ+wp_w,w)9—/2
o w © ( )
i6ni (7~ Tg— T4+1) gt 1y =) A= 1 Q(H2— 7o 73—
X[TRREZI elw(fl 0~ T4 )ela)p(TO T3t T4—Tp )e iQ( 0~ T3 T4)|1w>4
+TRReZit‘)eiw(TO—7'1—74+t)eiwp(rl+73+T4—Tp—t)e—iﬂ(t/2—71—73—74)|1w>4
+TRTeiw(Tlf‘rofT5+t)eiwp(ro+7'2+7'57Tpft)efiQ(t/277'077'2*7'5)|1w>5
+TRTeiw(TO—Tl—75+t)eiwp('rl+7'2+7'5—'rp—t)e—iﬂ(t/Z—7'1—72—75)|1w>5
+TZReiHeiw(‘rl+7'277'077'377'4+’[)eiwp(7'0+7'3+T477'p7’[)efiﬂ(t/277'077'377'4)|1w>5
+T2TeiOeiw(70+73—7'1—7'2—75+t)eiwp(71+72+7'5—7'p—t)e—i9(t/2—71—7'2—7'5)|1w>4

2 Ol 0(70+ Ty~ 71— T3~ Ta+t) i (7 + T3 74— Tp—t) g 1 Q12— 7 — 5~
+R2Rd ew(ro Tp—T1— T3~ T4 )ewp(fl T3+ 74— Tp )e ( T1— T3 T4)|1w>5

2T Al Opiw(Ty+ 73— 19— To— 15+ 1) Al + 7ot 15— Ty~ 1) a— i Q12— T7g— Ty —
R Te elm(rl T3 T Tp— Tg )elwp(TO T2t 75— Tp )e iQ( T0— T2 7'5)|1w>4]

2
> . 9)
clas.

Due to the continuum character of the PDC light, tedass summed overw’ can be approximate to an integralihand,
observing that as becomes much longer thdr,: the dominant contribution for th@ integral comes fronf) <A w, where
Aw is the bandwidth of the downconverted light, one may wipgo, ,Q) + 0y~ w,w)=¢(w,,w,— »,») and approximate
the Q) integral by the standard Dirichlet integral

= sin(Qt/2) eHI002- 7)) 1 if o<s<t (0
27) . QI2 0 if 7<0 or >t
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Taking the pump beam as quasimonochromatie < wp) and assuming that the spectral functlon of the down-converted

light is slowly varying inw,,, the spectral function can be approximate/ds, ,w,— w,)= qS(wp ,wp— w,w). Equation(9)
then reads

t)=(1p)(| I+ 7% +2(1 o RE 71 75 [TRRT* y(7p+ 75— 70— 73— T4) T4+ 19— T5— 7)€%t

+TRRT* y(7y+ 75— 71— 73— T4) (T4 + 71— T5— 70) €2 U+ T2TT* y( To— T1— T) (Tt 71— 73— ro)e'’?

+RATT* (1= 10— T) (T2 + To— 73— 71) €' '+ TRTR* y(7p+ 74— 79— To— 75) u( T5+ To— T4— T1)

+TRTR* Y Tpt+ 74— 71— To— T5) (75 + 71— T4~ 70) + T°RR Y(7p— o= T3) (7o + T3— Ty — Tz)eia

+RZRR (1= 11— 19) 1+ 79— 70— 7)€ ]},

where

,u(T)=2775w2 |¢(;p,w,gp—w)|zefi‘” (12

and

<V* (t+)V(t+r7 )>clas
(Ip)

'yp( T'—7)= (13

(11)

V' =[TT?y(1p— 11— T) T2+ 7~ 73— 70)
+RATI?y( 1y~ 19— ) (o + To— T3~ T1)
+72|R|27’(Tp_7’o_ T3) (7ot T3— 71— 7))
+RRIPy(1p— 11— 13) w1+ T3~ To— 7).

(19

In these equationsp=arg(n, 75 ) and so on.

are the normalized self-correlation functions of the down-

converted and the pump beams, respectively. Finally, sup-

pose that variation$7, due to changes in the optical path

travel timer, are much smaller than the second-order COhermterference
ence time of the downconverted light and the pump beam, @)\

follows that

w7+ 57)2M(T)e_i;57 (14
and

iwp(87' - o7).

Yo(7' + 07 — 7= 61)="y (7' —T)E" (15

These usual approximations simplify Eg.1), giving
Re() = (I p)(| 22+ 71]?) +2(1 )| 11 729]cod w( 87+ 67y
+ 84— 875) + wp( 73— 87,) + 20+ ]
+2(1 )| 71720 [cO w( 870+ STy + 75— S74)

+wp(8m— 61p) + ¢']
+2(1 )| 71 7,9"|cof w(Sro+ STy + S7p+ S73)
— w8+ 0+ ¢"], (16)

where the symbols), &', andd” are given by

O=TRRT*[y(7y+ 75— 79— T3~ o) u( T4+ 79— 75— 71)

ty(rpt 75— T Ty T (Tt 1= 75— o), (17)
V' =TRTR* [ y(7y+ 74— 70— T,— T5) (75 + To— 74— T1)
Ut Ty T T T (Tt T 1= 7)), (18)

V. CONCLUSIONS

The counting rateRg(t) is shown to be able to reveal
patterns corresponding to wavelengthsand

, either as separate or in simultaneous patterns. The
quantum character of the considered processes establishes
these distinct dependencies as signatures of the de Broglie
wavelength for a composite and a single particle and cannot
be obtained from a classical analysis.

The relevant terms to be consideredRg(t) are the ones
connected with the interferences between the two down-
converters, namely, terms proportional #@n,—those with
g, 9', and9d”. The explicit expressions of all termsRy(t)
allow one to study specific variations of any chosen experi-
mentally controllable parameter. A large number of possi-
bilities then arise. As a guideline one can see, for example,
that the term proportional t&¢"” is due to the amplitude prob-
ability for photons leaving BS1 on distinct trajectories. This
term vanishes whenever this amplitude probability is zero,
that is to say, in cases whef®&|=|7| and the trajectory
lengths 0 and 1 are made equal within the coherent length of
the photon wave packets such that creation of two-photon
states results and the photon pairs always come together in
the same trajectory, either path 2 or 3.

Photon trajectory lengths from NL1 to NL2 have to be
also approximately equal to produce a nonzero term and ap-
proximately equal to the laser trajectory length from NL1 to
NL2. Any differences have to be within the laser coherence
length on NL2. These dependencies have been experimen-
tally observed and explaindd1-13.

The term ind (analogous reasoning for th&' term) is
dependent on the probability amplitude that photons gener-
ated in NL1 leave BS1 from port 3 as two-photon states.
This term contributes whenever the laser coherence time is
long enough to assure coherence on BS2 of the photon pairs
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emitted by both crystals and any imbalance of the interfer-This dependence on photon pairs in a single counting experi-
ometer arms (0,1) do not differ from imbalances of armsment is a novelty made possible by the use of the nonlinear
(4,5) in more than a coherence length of the down-convertedonverter NL2 as an effective beam splitter for photon pairs.
photon packet§14]. This term shows dependence on the

two-photon particle as a whole, either depending on changes

in path lengths or on Pancharatnam’s phds®ne can also ACKNOWLEDGMENT

note that, say, if arm 3 is made very different from arm 2

[see Eq(17)] the term in¥ may be kept different from zero H. H. Arnaut is thankful for the support of the Brazilian
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of photon pairs can be detected in single count experimentdivel Superior(CAPES.

[1] J. Jacobson, G. Bjork, I. Chuang, and Y. Yamamoto, Phys. [5] C. K. Hong, Z. Y. Ou, and L. Mandel, Phys. Rev. L&,

Rev. Lett.74, 4835(1995. 2044(1987). _ - _
[2] W. H. Louisell, A. Yariv, A. E. Siegman, Phys. Rev. Let®4, [6] M. Rousseau and J. P. Mathideroblems in OpticgPergamon

. Press, Oxford, 19793p. 95.
1646 (1961); D. Magde and H. Mahr, Phys. Ret71, 393
. . - 7]L.J. W , X. Y. Zou, L.M I, Phys. Rev.44, 4614

(1968; G. T. Giallorenzi and C. L. Tangibid. 166, 225 [](159]) ang ou, and ande ys. Rev 6

(1968; B. Ya. Zel'dovich and D. N. Klyshko, Pisma Zh. g G A. Barbosa, inJ. A. Swieca Summer School on Quantum

Eksp. Teor. Fiz9, 69 (1969 [JETP Lett.9, 40 (1969]; D. C. Optics (Brazilian Physical Society, ®aCarlos, Brazil, 1998
Burham and D. L. Weinberg, Phys. Rev. Le26, 84 (1970. Sec. 2.1.

[3] S. Pancharatnam, Proc.-Indian Acad. Sci., Sect44A 247 [9] R. A. Campos, B. E. A. Saleh, M. C. Teich, Phys. Rev4@
(1956:; M. V. Berry, Proc. R. Soc. London, Ser. 892, 45 1371(1989.

(1984; R. Y. Chiao and Y. S. Wu, Phys Rev. Lef7, 933 [10] Z.Y.Ou, L. J. Wang, and L. Mandel, PhyS. Rev.4R, 1428

(1986; T. Grayson, J. R. Torgerson, and G. A. Barbosa, Phys.11 (21959(') Y Y. Zou L 3. W d L. Mandel. Phvs. Rev. A
Rev. A49, 626(1994; D. V. Strekalov and Y. S. Shifipid, -3 Z: Y- Ou. X. Y. Zou, L. J. Wang, and L. Mandel, Phys. Rev.

42, 2957(1990.
56, 3129(1997). [12] T. J. Herzog, J. G. Rarity, H. Weinfurter, and A. Zeilinger,

[4] C. K. Hong and L. Mandel, Phys. Rev. Lehi6, 58 (1986); Z. Phys. Rev. Lett72, 629 (1194.
Y. Ou, L. J. Wang, and L. Mandel, Phys. Rev.48, 1428 [13] P. H. Souto Ribeiro and G. A. Barbosa, Opt. CommuB8g,
(1989; L. J. Wang, X. Y. Zou, and L. Mandeibid. 44, 4614 139 (1997.

(1991; X. Y. Zou, L. J. Wang, and L. Mandel, Phys. Rev. [14] X. Y. Zou, T. Grayson, G. A. Barbosa, and L. Mandel, Phys.
Lett. 67, 318(199)). Rev. A47, 2293(1993.



