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Enhanced generation of twin single-photon states via quantum interference in parametric
down-conversion: Application to two-photon quantum photolithography
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~Received 14 November 2002; published 2 April 2003!

Two-photon interferometric quantum photon lithography for light of wavelengthl is capable of beating the
Rayleigh diffraction limit of resolutionl/4 to the level ofl/8. The required twin single-photon statesu1&au1&b ,
which are converted into maximally entangled states by a 50:50 beam splitter, can be generated from a
nondegenerate parametric amplifier initially in vacuum states and with a weak pump field. Increasing the pump
strength can slightly increase the production rate of the desired state and it will also increase the production of
the twin two-photon statesu2&au2&b , which leads to an unwanted background term. In this paper we show that,
assuming a weak pair coherent state as input to the amplifier, quantum interference can be used to quench the
production of theu2&au2&b state and to enhance the production of theu1&au1&b state by almost sixfold.
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I. INTRODUCTION

In recent years, there has been some interest in the a
cation of certain nonclassical states of a two-mode quant
light field to the problem of interferometric photolithograph
also known as quantum lithography@1#. Photolithography
has been the principal method by which the semicondu
industry transfers circuitry images onto a substrate. The re
lution of images transferred by using classical light beam
restricted to the Rayleigh diffraction limitl/4, l being the
wavelength of the light. Obviously, obtaining higher reso
tion to transfer smaller and smaller images with class
light requires shorter and shorter wavelength light. On
other hand, Botoet al. @1# have shown that if a two-mod
maximally entangled state~MES! of the form

uN<0&a,b
F 5

1

&
~ uN&au0&b1eiFu0&auN&b) ~1.1!

can be produced, where we have adopted the notatio
Kok, Lee, and Dowling@2#, and if a substrate able to abso
only N photons at a time is available, the Rayleigh diffra
tion limit can be breached tol/4N. Obstacles to overcome i
implementing photolithography beyond the Rayleigh lim
are those associated with the generation of the required M
for arbitraryN and the production of the required substrat
A number of schemes have been proposed for genera
MES with various photon numbersN @2,3#, but only the
MES for N52 are readily available from down-conversio
followed by 50:50 beam splitting, as in the type of expe
ment performed some years ago by Hong, Ou, and Man
@4#. With respect to substrates, there appears to be little h
at least at this time, for the production of materials able
absorbonly Nphotons forN.2. The caseN52 may be just
possible if some way can be found to suppress indepen
single photon absorptions@5#.

In connection with two-photon lithography, Nagasa
et al. @6# have studied the use of a high-gain, single pa
parametric amplifier as an intense source of entangled li
In the limit of low gain, such an amplifier produces a strea
1050-2947/2003/67~4!/043801~4!/$20.00 67 0438
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of single-photon pairs, or twin single-photon statesu1&au1&b ,
which, when directed to the input ports of a 50:50 bea
splitter, are converted into a MES of the general fo
u2<0&a,b

F @4#. The value of the phaseF will depend on the
internal construction of the beam splitter. When operated
high gain, the fringe visibility of the output is degraded, b
is always at least 20%, and therefore the authors conclu
that a high-gain parametric amplifier possesses great pro
for certain applications in quantum optics, including qua
tum lithography. But in this regard, the two-photon depo
tion function on the substrate will contain an unwanted ba
ground term as a direct result of the high-gain parame
amplifier.

In this paper we reexamine the case of the low-gain pa
metric amplifier. With low gain, as already mentioned, t
u1&au1&b state is generated and thus the desired M
u2<0&a,b

F is produced by subsequently directing the two ph
tons to a 50:50 beam splitter. With slightly higher gain, t
twin two-photon stateu2&au2&b is generated@7#, but a subse-
quent beam splitterdoes notproduce a MES. With respect t
lithography, it mainly gives rise to a background term in t
deposition function. In most~if not all! of the discussions on
using down-converted light from a parametric amplifier f
the purposes of lithography, the input state has been assu
to be the vacuum. Here we consider the use of a weak
coherent state as the input and show that, through quan
interference, it is possible toincreasethe production of the
u1&au1&b state and at the same timedecreasethe production
of the u2&au2&b state. Essentially, it is the quantum interfe
ence between the action of the parametric amplifier and
input pair coherent state that is responsible for this behav

Recently, there has been much activity in connection w
the generation of certain kinds of nonclassical photo
states via quantum interference in both single-mode and t
mode parametric amplifiers@8–10#. This work is largely
based on a proposal made some years ago~1974! by Stoler
@11# for the production of antibunched light, a proposal th
was not realized experimentally until almost 20 years la
@12#. Most of the work cited in Refs.@8–10# is concerned
with the removal or enhancement, via destructive or c
©2003 The American Physical Society01-1
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structive quantum interference, respectively, of the tw
photon term that appears from the first-order time-depend
perturbation expansion, valid for short interaction times, w
a coherent state input field. The present work uses quan
interference in a two-mode system with an input weak p
coherent state to suppress the production of the unwa
stateu2&au2&b by destructive interference involving the se
ond order of the perturbative expansion of the time-evolut
operator for the parametric amplifier and to simultaneou
enhance the production of the desiredu1&au1&b state by con-
structive interference in the first-order term. The state ge
ated by this method is, in fact, a weak form of the two-mo
squeezed pair coherent state discussed by this author
years ago@13#.

The paper is structured as follows. In Sec. II we revi
the ideas behind quantum photolithography with special
tention given to the two-photon case with light from a low
gain parametric amplifier with input vacuum states. In S
III we study the interference effects arising from an inp
pair coherent state. In Sec. IV we conclude the paper w
some brief remarks.

II. TWO-PHOTON QUANTUM PHOTOLITHOGRAPHY

Figure 1 is a schematic for two-photon lithography usi
a parametric amplifier. The parametric amplifier is describ
by the interaction Hamiltonian

ĤI5 i\k~ â†b̂†2âb̂!. ~2.1!

The parameterk is assumed to be real and is proportional
the second-order nonlinear susceptibility of the crystal a
the strength of the pump field, the field assumed to be c
sical. We suppose here that the input states are vacuum s
u0&au0&b . As we are interested only in weak pump fields, w
use perturbation theory to obtain the time-evolved state
second order in time, as

uF~ t !&'@12 iĤ I t/\1 1
2 ~2 iĤ I t/\!21¯#u0&au0&b

5~12h2/2!u0&au0&b1hu1&au1&b

1h2u2&au2&b , ~2.2!

where we have seth5kt. Let us suppose now that the pum
field is weak enough to ignore the second-order term so
we have, to first order inh,

FIG. 1. Schematic for two-photon lithography using a param
ric amplifier. The beam splitter is assumed to be 50:50. The bo
the upper beam on the right represents the relative phase shw
52px/l, wherex is the lateral distance along the medium. T
beams are assumed the incident on the substrate at the grazing
whereu→p/2.
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uF~ t !&'~12h2/2!u0&au0&b1hu1&au1&b . ~2.3!

The beam splitter generates the state

uFBS&5~12h2/2!u0&au0&b1 ih~ u2&au0&b1u0&au2&b)/&

5~12h2/2!u0&au0&b1 ihu2<0&a,b
0 , ~2.4!

where u2<0&a,b
0 is the maximally entangled two-photo

state, using the notation of Eq.~1.1!. We have assumed th
beam splitter to be 50:50 and to be described by the tra
formationÛBS5exp@ip(â†b̂1b̂†â)/4# ~Ref. @14#!. This repre-
sents a particular layering of the dielectrics used to const
the beam splitter.

We next assume that the output beams of the beam sp
are directed to a two-photon recording substrate as pictu
in Fig. 1. The block in the upper beam represents the rela
phase shiftw52px/l between the two beams on the surfa
of the substrate, where, again,l is the wavelength of the
light and x is the lateral distance along the substrate.
further assume that the beams are incident upon the sur
at the grazing angle, i.e., that in Fig. 1 the angleu→p/2. The
dosing operator for the two-photon substrate is then given
d̂25ê†2ê2/2! whereê5â1b̂ is the superposition mode op
erator. Representing the relative phase shift, as a phase
in the upper beam, by the operator exp(iwâ†â), then from Eq.
~2.4! the state on the substrate is

uFsub&5~12h2/2!u0&au0&b1 ihe2iwu2<0&a,b
22w . ~2.5!

The relevant quantity for quantum photolithography is t
deposition function

D2,g5^Fsubud̂2uFsub&5h2@11cos~2w!#. ~2.6!

Note that the vacuum term makes no contribution. At t
grazing limit, the spatial oscillation represents a resolution
Dx5l/8.

But the parameterh is small and thus the rate of two
photon deposition will be low. We may increaseh by in-
creasing the strength of the pump field or increasing the
teraction time. But this means that the four-photon term
Eq. ~2.2! must now be retained. In this case, the state a
the beam splitter will be

uFBS&5~12h2/2!u0&au0&b1 ih~ u2&au0&b1u0&au2&b)/&

2h2@A 3
8 ~ u4&au0&b1u0&au4&b)1 1

2 u2&au2&b].

~2.7!

Recalculating the deposition function we find

D2,g5~h213h4!@11cos~2w!#14h4. ~2.8!

The deposition rate is slightly enhanced, but only to the fo
order in h, and at the same time, an unwanted backgrou
term 4h4 is present. Increasing the pump field brings abo
an even larger background term as is clear from the work
Nagasakoet al. @6#.
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In the next section, we show how a different choice
initial state for the parametric amplifier, namely, a pair c
herent, state allows for the significant enhancement of
deposition rate and for the quenching of the terms giving
to the background, all by quantum interference.

III. INTERFERENCE WITH A PAIR COHERENT STATE

The pair coherent statesuz,q& are defined as eigenstates
the pair annihilation operatorâb̂ and the difference operato
D̂5â†â2b̂†b̂ according to@15#

âb̂uz,q&5zuz,q&, D̂uz,q&5quz,q&, ~3.1!

wherez is a complex number unrestricted over the comp
plane, andq, known as the degeneracy parameter, is an in
ger. We are interested only in the degenerate case wheq
50, and thus the solution to Eqs.~3.1! is

uz,0&[uz&5N(
n50

`
zn

n!
un&aun&b , N5S (

n50

` uzu2n

~n! !2D 21/2

,

~3.2!

where we have dropped theq label. A pair coherent state ca
be generated via the competition between a two-photon p
metric process and a two-photon absorption process@15#, or
by a nondegenerate parametric oscillator@16#.

For a weak pair coherent state, we have, to second o
in z,

uz&'N~ u0&au0&b1zu1&au1&b1
z2

2
u2&au2&b,

N'~11uzu21uzu4/41¯ !21/2. ~3.3!

With such a state as the input to the parametric amplifier,
state vector just before the beam splitter is

uF&'N @~12zh2h2/2!u0&au0&b1~h1z!u1&au1&b

1~h212zh1z2/2!u2&au2&b]. ~3.4!

We suppose now thatz is chosen such that the coefficient
u2&au2&b vanishes, i.e.,z is a root ofz214zh12h250. The
roots are easily found to bez65(226&)h. As we wish to
maximize the coefficient ofu1&au1&b , we choose the roo
z252(21&)h. The deposition function on the substra
will then be
ll-

,
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D2,g5~11& !2h2@11cos~2w!#'5.828h2@11cos~2w!#.
~3.5!

Thus, the deposition rate is almost six times that for an ini
vacuum state and no background term is present, both
tures the result of quantum interference.

IV. CONCLUSIONS

In this short paper, we have shown how it should be p
sible to use quantum interference effects, with a weak p
coherent state as the input, to suppress the production of
two-photon states that lead to background terms and at
same time enhance the production of the twin single-pho
states that ultimately, through beam splitting, can be c
verted into two-photon maximally entangled states. Su
states can be used for photolithography as discussed ab
but they could also be used for two-photon interferome
where the Heisenberg limit of sensitivity for measurin
phase shifts, in this caseDw51/2 @it is Dw51/N for the
N-photon maximally entangled state of Eq.~1.1!#, can be
attained. Finally, it is perhaps worthwhile to out that for t
interference effect to work in the described manner, the in
state to the parametric amplifier needs to be a superpos
of the form(ncnun&aun&b , i.e., a superposition of twin Fock
states. Of course, a two-mode squeezed vacuum state
this form, but it is easy to see that the condition under wh
the u2&au2&b state is removed by interference is precisely t
condition thatall the states, save the vacuum, will be r
moved by interference. This is just the inverse of the tra
formation that generates the two-mode squeezed vac
state from the vacuum in the first place. If we should choo
instead uncorrelated ordinary coherent states for the
modes, unwanted states, such asu2&au0&b andu0&au2&b , will
be generated. So we have studied the case where the i
state is a degenerate weak pair coherent state. Of co
such a state may not be easy to generate in its own right
highly nonclassical. But it must be kept in mind that th
two-photon maximally entangled state too is quite noncl
sical and it should be no surprise that generating an enha
form of one type of nonclassical light may require the m
nipulation of some other type.
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