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We show that a thermal light source which is random in the transverse direction can produce a sub-
wavelength double slit interference in a joint intensity measurement. This is the classical version of quantum
lithography, and it can be explained with the correlation of rays instead of the entanglement of photons.
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Noise is usually considered harmful to communication We consider the first- and second-order correlations of the
and interference because disorder and chaotic fluctuation déelds for a two-photon quantum system and a classical ther-
grade information and interference visibility. It would thus mal light source. The fields propagate with a central
seem incredible that noise could be used as a signal carrier iavevectork, and frequencyw,. For a general two-photon

communication or as a source for interference. A recent destate, the quantum wavefunction in the Schrodinger picture is
bate in quantum optics has inspired the authors to consid§yritten as

this very question. In the last decade, theoretical and experi-

mental studies have shown that an entangled photon pair

generated by spontaneous parametric down-conversion |‘I'>:f dq; dg; do; dw,

(SPDQ exhibits peculiar effects, such as sub-wavelength li-

thography[1-8], and coincidence or "ghost” imaging and X C(q1, w1; 0 wp)a1(Q1, 01)a(q, ,)|0),

interferencg9—17]. These effects had indeed never been ob-

served in classical optics before. In particular, sub-whereq; and w; (i=1,2) are the transverse waveveci@r
wavelength interference was regarded as one of the par#he spatial frequengyand the frequency deviation from the
doxes related to violations of the quantum mechanicatentral frequency, respectively. We assume that the two pho-
uncertainty principle. Recently, Benningét al. showed in  tons are distinguishable by their polarizations. By taking into
their experiment that coincidence imaging and coincidenc@ccount the commutation relations of the field operators, we
interference can also be realized with a classical light sourcebtain the first- and second-order spectral correlations for the
under certain conditiongl8]. This demonstrates that classi- two-photon staté¥),

cal correlation can play the sar@r similan role as quantum

entanglement. A recent theoretical analyiS] has shown (al(g,w)ay(q’, "))

that a thermal or quasi-thermal source can also exhibit such a

classical correlation. On the other hand, sub-wavelength li- :Jd% dwy C(Q, 00 02)C(q’, @' :qp ), (18)
thography is considered to be a form of a nonclassical inter-

ference that surpasses the Rayleigh diffraction limit. Physi-

cally, this effect is explained to be due to the quantum <a§(q,w)a2(q’,w’)>
entanglement of photong3,4] or the photonic de Broglie
wavelength of a multiphoton wavepackdt2,5. A similar
question has emerged: can the sub-wavelength interference
be produced by a classical beam too? In this work we dem-
onstrate that a thermal light source random in the transversend
plane possesses a second-order spatial correlation similar to T T . .,
that of a photon pair perfectly entangled in the transverse (a1(0y, w1)ay(A, w2)a(da, wz)a:(dy, wy))

wavevector. The difference between them is that the former = C'(qy, 01,02, 02)C(Q, ] ;G ), 2)

has the self-correlation of transverse wavevectors while the

latter has a correlation between a pair of conjugate transvergespectively. Equation2) shows explicitly the separable
wavevectors satisfying momentum conservation. Thereforegroduct of the wavefunction and its conjugate one, reflecting
a thermal or thermal-like light source can produce not onlythe nature of the quantum wavepacket. This implies that the
ghost imaging and interference as shown in Rgf8,19, wavevector and frequency correlation may exist only within
but also the sub-wavelength interference. Due to the differerihe same(positive or negative frequency component. For
correlation relationships, the sub-wavelength interferencéhe perfectly entangled two-photon state generated in SPDC,
patterns must be observed by coincidence detection at a paie haveC(qy, w;;0z, wp)=8(q1+0,) 8w, +w,) as a conse-

of symmetric positions. The result can be used to explain twajuence of the conservation of momentum and energy in the
kinds of macroscopic observation of sub-wavelength interSPDC process. Thus we obtain

ference occurring in SPDC from a type | phase matched + o ) , )
nonlinear crysta[20,21]. (8/(q,0)8(q",0")=80-q")dw-0") (=12, (3

=fdqldwlC*(ql,wl;q,w)C(ql,wl;q’,w’), (1b)
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(al(qy, w1)ab (G2, wy)ax(q), wh)ay(qy, w))) written asT(q)=(2b/2m)sindgb/ 2)coqd/2). For simplic-
_ ' N, ity, we omit the time variable. This can be done by using a
Ay + Qo) olwy + 02) Gy + ) Hewy + wp). (4) narrow frequency filter in the beam. According to R0,

These results are also true for two photons with the samthe second-order spatial correlation of the field in the detec-

polarization. tion plane is
Let us now consider classical thermal light. We assume a
monochromatic plane wavig, exfi(kgz— wqt)] illuminating (Esi(%0) (%) Eg(X2) Eq(Xq))
a material containing disordered scattering centers. After )
scattering, the field is written a&(x,z,t)=fE(q)exdi(q-x — ko f~(m —q )}(@ —q )
+k,z—wot)Jdg whereq is the transverse wavevector intro- (27f)? foon foo2
duced by the random scattering and satisfigd+k2=k3. [ Ko [ Ko
Hence,E(q) is a stochastic variable obeying Gaussian statis- ><T<—2 - qé)T(—l - qi)
tics. However, the scattered waves with different transverse f f
wavevectors are statistically independent. |df <k,, the X{(E"(q)E"(q)E(qy)
scattered field can be approximately written B6&,z,t) , L
=A(x)exdi(koz— wot)] whereA(x) =[E(q)exdiq-x]dq is the X E(qy))da, dgp dop doj. 7)

slowly varying envelope. As a result, we have defined a
monochromatic thermal light random in both strength and~or an ideal two-photon entangled state, from E&). we
propagation direction. According to the Wiener-Khintchine have (E}(x,)E} (%) Eq(%) Eq(x)) = T2 (ko/ ) (xg +Xo)]. If we
theorem, the first-order spectral correlation must satisfy o 4 two-photon detector to scan the position, sub-
wavelength interference fringes with perfect visibility can be
(E"(@)E(q")y=S@)8q-q’), (5) observeo!. Since a t_wo-photon detector is not_ava_\ilable_at
present, in the experiment the two-photon detection is carried
) ) out by a coincidence measureme@iV) of two orthogonally
whereS(q) is the power spectrum of the spatial frequency. s jarized photong2,4]. However, for the thermal light de-
Obviously, Egs(3) and(5) indicate the same incoherence of gqriped above, we obtain
the first-order for an ideal two-photon entangled state and a
wide bandwidth thermal light source. Though the beam is . .
monochromatic, the disorder in spatial frequency washes out  (Eq4(X1)Eq(%2) Eq(%2) Eq(X1))

the interference pattern. kg ~ [ ko
For any field with thermal statistics, all high-order corre- = JTZ(—l - q)S(q)dq
lations can be expressed in terms of the first-order ones. (2mf) f
Hence, the second-order spectral correlation of thermal light ~ [ KXo ~(koX
can be written as xf TZ(T - q)S(q)dq+ IT(T - q)
2
(E' (' (4 E(@)E(a)) xT(% - q)S(q)dq} } ®
=(E"(quE(a)XE (a2)E(q5))
+(E"(@)EAY)E (GE(A) In the broadband limit, we can s&tq) = S(0) and so obtain
=S(q1)S(02)[8(g; —q1) 8(a2 - dp) . .
A=A T A2 ™ 2 (Ea(%)Es(%) Eq ) Eqlx0))
+8(0, - 05) 80, - qy)]. (6)

282 — ~
= —k;wig) {TZ(O) + TZ{ kTO(xl - Xz)} } : ©)

Unlike the case of two-photon entanglement in which two
photons with opposite wavevectors are correlated, (&y.
shows that two fields with the same wavevectors are correWhen the two detectors are placed in symmetric positions,
lated. When the thermal light is split into two beams at ai-€., X;=—X=X, to perform a joint intensity measurement,
beam splitter, the correlated output beams are spatially sepaub-wavelength interference fringes with 33.3% visibility
rated. This is the origin of the coincidence imaging and co€an be observed. In the general case we set the Gaussian
incidence interference for a classical thermal so(it®. As  spectrum to beS(q) =(v27w) *exd-g?/(2w?)]. Figure 1
a matter of fact, in any coherent beam, there is no suclhows the interference fringes as a function of the normal-
correlation so coincidence imaging cannot occur. ized bandwidthW=wb/(27). At very small bandwidth, the

We now discuss the double-slit interference in a joint in-fringe pattern is “normal,” i.e., the same as that for a coher-
tensity observation. Let a beam illuminate a double slit of slitent beam. As the bandwidth increases, the sub-wavelength
width b and slit distancel. The double slit and the detection interference effect appears and grows.
plane are placed at the two focal planes of a lens of focal Sub-wavelength coincidence interference from classical
lengthf. The Fourier transform of the double-slit function is thermal correlation can be illustrated schematically in Fig. 2.
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FIG. 1. Coincidence interfer-
ence patterns for different normal-
ized bandwidthsw=wb/(27) of
the spatial frequency spectrum of
thermal light. The X-axis X

o
o
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0.4 =xkgb/(27f) is the normalized
0.6 position in the detection plane and
0.2 04 the double slit parameter is taken
to bed=4b.
0~
1
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The four fieldsEx(q), EA(-9’), Eg(q’), andEg(—q) are in- The beam generated in SPDC may incorporate both the

volved in the joint intensity measurement, as shown in Figquantum entanglement and the classical thermal correlation.
2(a). For greater clarity, in Fig. (®), we fold the two lower When a plane-wave pump field activatesy® nonlinear
beams with respect to the source and replige-g’) and  crystal, the basic unitary transformation is described 18}
Es(—q) by EA(q’) and Eg(q), respectively, since the spatial

frequency component satisfi€&§—q)=E"(q). It is the nature , .

of the thermal correlation that causes the diffraction beams am(d,®) = Up(q, w)an(q,») + Vi@, w)ay (- q,- o)

Eé(q) and E§(q’) to be correlated with the diffraction beams (M#n=s) (10)
Eg(g) andEA(q’), respectively. Therefore, in the joint inten- n
sity observation, the pair of correlated beafg(q) and
E.(q) interfere with the pair of correlated bearig(q’) and
EA(q), resulting in twice the optical path difference of the
one-photon interference.

a

wherea.(q,») anda’(q,w) are the output and input field
operators, respectively. The first-order correlation is obtained
to be

b— T AN 2 ’ ’
Ds (am(d, w)an(q',®")) = |Vn(9,0)[*8(q - q") 8w - ).
Thermal Source  EA(Q) (17

— [iA
>
p—e 7 1 70 il CM. For a type | crystal, we may omit the subscript in E40)
— [ and the second-order correlation is written as

DD2 <aT(Q1yw1)aT(Q2awz)a(%,wé)a(%’wi»

=V (a3, 0)V(Qy, @)U’ (= dg,— 0)U(- 1, ~ @)

b X &y + Gp) M1 + ) Q7 + A7) Ny + wy)
+ V(0 1) V(az, @) [ 8(a — a1) 8(d2 — )
——————————— X 8wy~ w1) 8w, — wy) + 80y~ 03) 8(d, — qy)
X 8wy — @) 8wy — wy)]. (12
I’Zz Ex(@) The first term shows the same correlation as the two-photon
C.M. entangled state, whereas the second term shows the same

correlation as the thermal light. Note that this result is valid
FIG. 2. (a) Schematic ray diagram of sub-wavelength coinci- I general whatever the SPDC coupling gain even when the
dence interference of thermal lightt) An equivalent ray diagram converted beam contains a large number of photons. When
of the interference of the correlated bea$q) andEg(q) with the  the gain is very small, the second term is negligible in com-
correlated beamBg(q') andE,(q’). It can be seen that the optical parison with the first term and the converted field is almost a
path difference is doubled. two-photon entangled state. As the gain increases, two kinds
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of macroscopic sub-wavelength interference coej). _ <a;(Q1,wl)aﬁq(q'z,wz)am(%wé)am(%wi» (m=s,i)
For a type Il crystal, however, the second-order correlation B ) , ,
of the two orthogonally polarized beams is obtained to be = Vin(A1, @) Vir(G2, @)L 801 — 01) 802 = q2)
. . _ X 8wy — 01) 8w, — wp) + 801~ ) 802~ qy)
<am(Q1: wl)an((hywz)%(szt’z)am(quw1)> (m# n=s,i) X 8wy = wh) Mwy - w))]. (14)
= V01, @) Vin(Qy, @)U (= 01, — 0)Up(= 41, — 07) 801 We have thus obtained the thermal correlation for both signal
+02) Sy + @p) 80y + 03) Hw; + w)) and idler beams. . .
) ) ) In conclusion, we have demonstrated a classical version
+|Vin(Q1, @) V(G 2)|*6(q; — 91) 8(02 — ) of qguantum sub-wavelength lithography, in which the classi-
X &y~ ©]) N w, — w)) (13) cal correlation of thermal light plays a similar role to the
1 1 2 2/

quantum entanglement of a two-photon state in optical sub-

i i wavelength interference, coincidence imaging and interfer-
The first term is the same as that for the type | case, but thgce.

second term does not represent thermal correlation. Only

quantum sub-wavelength interference can od@@j. The The authors thank L. A. Wu for helpful discussions. This
thermal correlation in a type Il crystal can be recoveredresearch was supported by the National Fundamental Re-
through extraction of either the signal or the idler beams bysearch Program of China Project No. 2001CB309310, and
a polarization beamsplitter. The second-order correlation fothe National Natural Science Foundation of China, Project
the signal/idler beam reads as Nos. 60278021 and 10074008.
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