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Abstract

In ordinary (classical) microscopy and lithography, the limit
of resolution is governed by the wavelength of light used to il-
luminate the sample. However, by using the correlated photon
pairs produced in Raman quantum erasure, the resolution of
two-photon quantum microscopy is substantially improved. To
that end, we here derive the two-photon quantum state gener-
ated by sequential Raman emissions and investigate potential
applications. The photon-photon correlation function for Ra-
man pairs is of interest in itself and has features in common
with photon antibunching.

L Asim Barut enjoyed and brought joy to all of Physics. He was interested in
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Photon correlation interferometry [1] is a powerful tool with appli-
cations ranging from the macro- to the micro-cosmos. For example,
it is well-known that it is possible to improve our ability to measure
stellar diameters and resolve binary stars via the Hanbury Brown-
Twiss effect.

It is also known that it is possible to improve the resolution of
optical microscopy [2] and lithography [3] by using photon correla-
tion interferometry [4]. This has been demonstrated in the elegant
experiment of D’Angelo, Chekhova and Shih [5] via two photon down
conversion.

We here apply the geometry and physics of the original [2] Raman
quantum erasure [6] scheme to resolve molecular markers separated
by distances smaller than the wavelength of the probing radiation. As
a case in point we note that in many biophysical studies, the shape
or conformation of a protein or a DNA strand is monitored as a func-
tion of various parameters. One way of making such measurements
involves attaching markers, such as dye molecules or quantum dots,
to two known points on the protein and observing their fluorescence
as they move apart. We here propose and analyze a new, photon-
correlation approach, see Fig. 1, to measure the distance between the
markers.

Classically, laser light scattered from the two molecules of Fig.
1 generates a “Young’s” interference pattern; at detector D1 it is
given by cos? (k(ry —r1)/2) = cos? (k(dsin)/2). The first interfer-
ence minimum will occur when kdsin 6,, = 7. Here d is the distance
between the marker molecules, 6,, is the angle between the normal to
the line joining the two molecules and the vector pointing to the inter-
ference minimum and k = 27/ as usual. Hence, A\/2d = sinf,, < 1,
so that the distance d must be larger than A\/2 in order to produce
the interference pattern. Thus if we wish to measure typical protein
features in the 25nm range, we require A &~ 50nm.

However, in second order interferometry based on Raman pho-
ton pairs the distance d can be measured by shining UV or even
visible light on the marker molecules; i.e. in the present scheme

literally everything. The present paper uses photon correlation interferometry
in a quantum erasure mode to improve resolution. We think Asim would have
been interested in this scheme and we dedicate this paper to Asim, our friend and
teacher.
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dmin ~ A/13, see Table 1.

A major portion of the physics behind this enhanced resolution is
understood by considering the original Raman quantum eraser con-
figuration of Fig. 1la. Suppose that the molecule is excited by a
pulse having frequency v, and much later by a pulse at frequency vq.
Then the spontaneous Stokes and anti-Stokes photons of Fig. la will
be independent, and the Glauber photon-photon correlation function
factorizes. To see this we recall

G = (W EC(ED2EM (2) ED (1)), (1)

where G,(,ZL)U = G,(,?U)J(l, 1;2,2"), E()(1) is the positive frequency (an-
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Table 1: Various kinds of marker molecules, for the parameters of
Fig. 1, and the associated resolutions are tabulated. In every case A
is the wavelength of the incident light, sin # = 0.83 and the refractive
indices are n; = 1.9 while ng = ng = 2.1. (a) Two level scheme
yields classical, one photon, resolution. (b) Cascade emission doublet
(CED) configuration yields essentially the same resolution as (a). (c)
The present Raman erasure doublet (RED) scheme as discussed in
the text. (d) Hyper (two-photon) Raman in which v, = v4 = 2mc/X;
the level spacing is not the same scale as in the rest of the Table.

(e) Three photon Raman scheme requires correlation between three
detectors..

nihilation) part of the electric field and E(~)(1) is the corresponding
negative frequency (creation) part; 1 and 1’ stand for rq, ¢, and r'y, ¢},
etc. as in Fig. 1la. The times t¢; are controlled by e.g., shutters. The
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frequency of the first (Stokes) photon is v = v}, + V4 — wee and the
second (antiStokes) is w = wye.

Now, if the two emitted photons are well separated in time, then
the two-photon state |¥) can be factorized as a sum of products of
one photon Stokes (|v)) and anti-Stokes (Jw)) states from molecules
at A and B, that is

W) = %HVMMA + V) Blw) B]. (2)
Furthermore, we take advantage of the fact that the first and sec-
ond photons have different frequencies (v and w) and can there-
fore be separated by, for example, a dichroic mirror. Thus, we can
arrange that the v and w photons go to, say, detectors 1 and 2 respec-
tively. Equation (1) can then be written as Gl(,zz, = 1€ua(2)€a(1) +
£un(2)E,5(1)|? using £,4(i) = (0|ED) ()[n)a o e~ and &,p(i) =
(0| EM)(i)|n) g o< e~ where 7; = t; —ngr; /¢ are the retarded times,
7; (r]) are the distances between molecule A (B) and the i detectors
and n; are the refractive indices with n = v, w and ¢ = 1, 2. It follows
that

GI(,QU)J = CCOS2[%(K/U + Ky )dsin 6], (3)

where k, = n1v/c, k, = now/c and we have used 1} —r; =15 —ro =
dsinf. Please note that the detection times ¢} = t; and t;, = ts.
Hence, the interference pattern observed by moving detector 1 (and
requiring a correlation with detector 2) is now governed by k, + k,, =~
2k, i.e., the effective radiation wavelength is now A/2.

The recent beautiful experiments of Kimble and coworkers [7] and
Lukin and coworkers [8] have demonstrated strong correlations be-
tween photon pairs generated in the Raman-EIT [9] configuration
of Fig. la. We find several interesting aspects of the Raman emis-
sion doublet (RED) correlation which are qualitatively different from
those of a cascade emission doublet (CED) correlation as seen from
Fig. 2. We show that microscopic resolution can be significantly
enhanced by taking advantage of the RED oscillations of Fig. 2.

In order to develop the properties of the Raman pair state, we
consider the case in which the molecules start in level |c), and the k,
q fields are in the vacuum state at time ¢t = 0. The Raman pump field
of Fig. la is assumed to be weak enough and the b — a laser strong

264 Concepts of Physics, Vol. Il (2005)



Improving quantum microscopy via Raman photon pairs

enough that when the atom is excited to level |b) via the emission of
a k photon, it quickly makes a transition to level a with the emission
of a q photon; and then remains in the ground state for a long time
so that it makes sense to seek the state of the field at time t — oo.
After a somewhat lengthy calculation [10], we find the two-photon
state as given in Fig. 2. The photon-photon correlation function for
a single RED molecule G (1,2) = |¥(1,2)]? is readily calculated
from the two photon amplitude ¥(1,2) = (0|E(H)(2)EH) (1)|0) =
¥(1,2) +¢(2,1) using the RED state |U) of Fig. 2, where

1,2 X , .
¢_( .2) = o W27/ o~ liwty /2T Sin Q7910(71)0(121).  (4)
iv/C
Here C = |2nRQ/QT1r2|2, o1 =T — 11, Q = /2 — ~v2/4 is the
effective Rabi frequency and ~ is the decay rate between a and ¢ and

nr is an overall (Raman) factor.
The spontaneous (Raman) decay rate in Eq. (4) is

[/2 = 2| Gy, [* | *D(viy ),

with Gk, = gpgk,/A being the usual Raman matrix element with
coupling strengths g, and g, and detuning A, see Fig. 1; oy, is the
amplitude of the pump coherent field, D(vy,) is the density of states
and ko = (Vp — wie)/c.

The photon-photon correlation function for two RED molecules
can be obtained from Eq. (4) as

2
Gip(1,152,2) = [1p(1,2) + ¥(1,2)* =
Cle Te 7™ sin? Qryy + e T Tie 1721 sin® Q7)) +
e~ /D47 (/Do 474) i Oy sin Oy
2cos[v(my — 1) + w2 — )]}, (5)

with 71 > 0,7 > 0,70 > 7 and 75 > 7{.

The essential difference between Eqgs. (3) and (5) is the presence
of the drive field dependent sine functions. Physically, this describes
the finite time, governed by €, to promote the molecule from b to
a. This is the reason G%}:D vanishes when 7 = 79. Mathematically,
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the vanishing Gg%D is the result of quantum interference between the
two paths of Fig. 2.

Finally, we note that the spontaneous Raman decay rate can be
written in the suggestive form I'/2 = 7,(Q2/A?), where the pump
Rabi frequency is Q, = a,g, and the radiation decay rate for a’ — b,
is given by 7, ~ 27|g(wap)|[*D(warp). Therefore, T' is usually small
compared to 7, or v, and we may neglect it in Eq. (5).

The cosine factor in Eq. (5) may be written as cos[(r1 —71)n1v/c+
(ro — r4)nsw/c] where nj(nsy) is the index of refraction surrounding
D1(D2). The retarded times 7y and 7 are 71 = t; — nyr1/c and
71 = t1 — ny1(r1 + dsinf)/c and likewise for 7 and 74. Thus, 75; =
To1 — (ng — n1)(dsinf)/c and since Qd/c is very small compared to
QTgl we may take 74, = 791 as it appears in the sine terms and the
exponential decay factors. Equation (5) may then be written as

~ 1
GS}?}D = 4Ce 72! gin? Qg cos® 5[/-@,,(7"1 —7r1) + Kko(rh —r2)] (6a)

The differential path lengths are taken to be the same, ie. 1| —
r1 = rh—ry = dsin 6; and the cosine interference factor takes the form
cos [(niv/c+ naw/c)dsinf]. Recalling that 191 = tg — 1 — (nars —
nyr1)/c and since 79 = 1 by construction, we can write GS}Z’,D as

1
G%]%D = 4Ce™ 7™ sin? [k (r — D)] cos® 5(/@, + Ky )dsinf|  (6b)

where kg = Q(nl —ng)/c. Here, we have taken to; ~ mﬂ/(l + (ng —
n1)D/c such that 751 > 0. Equation (6b) can be expressed in terms
of z the detector positions from the normal to the line joining the
two marker molecules using sinf = z/v/D? + z2. In the limit when
x/D << 1,

G (2) ~ 4Ce 7™ sin?[ka® /2D cos® [(k, + ky)zd/2D]  (6¢)

Equation (6b) allows us to determine d by measuring z, the distance
to the peak. For example, taking GSIZDD from (6¢) with v = 0 and
using 8G£{2ED/6$ =0 we find

tan(/mxﬁ/QD) tan((ky + Ko)2pd/2D) = 2602,/ (ky + Ku)d  (7)
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which yields d for a given z,. This is directly analogous to the case
of Young’s interference where we use kdzx,,/D =~ 7 to infer d by mea-
suring the distance to the minimum z,,,. There remains the question
of which value of € to choose. It turns out that the sensitivity is
enhanced by adjusting € so that the arguments of the sin? and cos?
terms in (6b) are equal, this implies

Gg%D (0,) = Ce™ "™ sin? [(k, + Ky, )dsin b, . (8)

The first peak of Eq. (8) occurs when 2(k, + K, )dsiné, = w, and if
we take v =~ w we have 2(ny + ng)kdsinf, = m. Thus we can now
measure distances of order d =~ A\/13 using n; = 1.9,n9 = 2.1 and
sin 6, ~ 0.8; this is summarized in Table 1. Sub-wavelength distances
can be resolved with good sensitivity, as shown by Fig. 1b.

In summary, we underscore a few points.

The connection with photon-photon quantum erasure
and subnatural spectroscopy : The quantum erasure scheme of [2]
used a Raman (RED) configuration and sorted between fringes and
antifringes via a cavity and shutter arrangement. The two-photon
spectroscopy paper with Rathe [2] used the same detection scheme as
in the present paper but with cascade (CED) radiation. Subensemble
sorting with such a detection scheme is accomplished by tailoring the
signal as seen by D2 relative to D1; see e.g. section 21.2.1 of ref.
[10]. Furthermore in the experiment of [5] they say that: “[O]ne has
to ‘erase’ the first-order interference by reinforcing an experimental
condition : §6 > A/b, where 40 is the divergence of the light and b
is the distance between the two slits.”. It is also interesting to note
that in the case of the three photon Raman scheme of Table le, we
must end in level by (register a D2 count) in order to assure that we
have erased which way information.

The RED correlation function: Please note that the present cal-
culation of G?)(1,1/;2,2') is based on the two-photon state |¥) of
Fig. 2. The state |¥) is calculated via an extension of Weisskopi-
Wigner theory [10]. The easier and more common approach to photon
correlation calculations, involves focusing on the state of the mole-
cule via a quantum regression analysis [11]. Finally we note that the

null in Gg%D(a:) at = 0 is essentially the same physics as photon
antibunching.
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The quantum interference microscope: First we note that the ef-
fective CED wavelength is ~ 2Aincident Whereas for RED it is ~
Aincident, thus yielding a factor of two resolution improvement for
RED. Furthermore, the form of Gg%D (see Fig. 2) allows for further
enhancement of resolution. Note also that when the indices ny and
n1 are equal we lose this enhanced resolution in the present scheme.
In particular it may well be the case that the “signal” photons from
A and B will propagate through vacuum, so that n; = 1 but ng # 1
in the half plane of the correlated photon; this is the case presented
in Table 1. The net result is that it is possible to measure distances
smaller than A/10 via Raman photon pairs.

The best protocol for maximizing sensitivity is subtle. For exam-
ple the difference in peak height between the red and black curves
of Fig. 1b shows that the (properly normalized) value of G?)(z,)
contains information about d. Such considerations will be discussed
elsewhere. Likewise the application to lithography and other forms
of microscopy will be the subject of future publications.

The author wishes to thank R. Austin, E. Fry, S. Harris, J. Kim-
ble, K. Lehmann, M. Lukin, A. Muthukrishnan, R. Ooi, A. Patnaik,
Y. Rostovtsev, A. Sokolov, W. Warren and S. Zubairy for stimulating
and helpful discussions; and DARPA-QuIST, ONR, the Welch Foun-
dation(Grant No. A-1261) and AFOSR(Rome) for support.
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