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1. Introduction

In correlated two-photon imagin@l[1], also known as ghosidging, images are constructed
by means of spatial correlations between pairs of photohes& pairs may be quantum-
mechanically entangled photons produced via parametriacdonversion, or spatially corre-
lated pairs from a classical light sourcel[2, 5,/4.15,)6) 7, 8C911]. In each pair, one photon (the
target photon) interacts with an object, then strikes alsipixel detector with no spatial res-
olution. The other photon (the reference photon) propagaéely to a CCD camera or other
form of spatially resolving detector, without ever encarirtg the object. Although neither
photon is capable of producing an image of the object byfjted image may be reconstructed
from the spatial correlations between them when the padrsletected in coincidence.

Recently, a number of theoretical and experimental ingatitins have looked at how ghost
imaging is affected by turbulence in the propagation patBg14[ 13,15, 16, 17]. In this paper,
we alter the standard ghost imaging configuration by thetaadof a phase conjugate mirror
in one path and by partially merging the target and referénaeches of the apparatus so that
both photons experience the same turbulent conditions e that this alteration eliminates
the effect of the randomly varying turbulence-induced ptetsfts on the image.

The basic strategy proposed here, which consists of combicwincidence detection of
correlated photon pairs with phase conjugation, is moreggnhan the application given in
this paper. It may be used for other types applications inrgltransmission of temporally-
or spatially-modulated signals across a distance throughbalent medium. The problem of
optimizing optical communication through the turbulemhasphere is a longstanding problem
[18,[19]20]; a variation of the method discussed here wisieippropriate for undistorted signal
transmission from one side of a turbulent medium to the athgossible and will be discussed
elsewhere. In this paper we concentrate solely on appitato ghost imaging.

A phase conjugate mirror (PCM) [P1,122,123] is a nonlineaiagbtdevice for reversing the
phase of a propagating light wave. More specifically, if theoming complex electric field
of the wave isE(x)e '™, the outgoing field after reflection is complex conjugatedegt for
the time dependence, which is unchangetx)e '“t. Phase conjugate mirrors may be con-
structed to operate via either stimulated Brillouin sa#tte or four wave mixing over some
range of frequencies determined by a set of phase-matcbimdjtions. Spatial light modula-
tors may also be used as phase conjugate mirrors. One reagdPQs are useful is that they
exhibit a well-known cancelation of phase distortions.sTéfifect can be described as follows.
Suppose that a set of incoming wavefronts is distorted dyrassage through some region; for
example, they may experience aberration while passingitffiran optical imaging system or
there may be variations in the refractive index of the prepiag medium. These distortions
may be viewed as the result of spatially varying phase shiftied to the field. After receiv-
ing these phase distortions, suppose that the wave reflé@sP&CM and passes through the



distorting region a second time. An identical set of phastodiions occur on the return trip,
canceling the complex-conjugated phase distortions franiitst passage. This phase cancela-
tion effect has a number of applications and has been usée ipast to mitigate the effects of
turbulence in imaging and signalling systems, with a nuntetifferent methods developed
[24,[25,26 27, 28, 29, 30, B1,132.133] B4] 35] using four-waixéng or dynamic holography.
Each method has its advantages compared to the others,dudlsa has drawbacks. For ex-
ample, some of the proposed methods require the signal te enadund-trip back to its starting
point, or require active cooperation between sender areiverc Some methods work only for
distorting media that are thin enough to completely image anphase-conjugate mirror, while
others work only for static aberrations or only for abeoas changing with very short charac-
teristic time scales. Still others require a second referdaeam that must remain coherent with
the signal beam.

The method proposed here combines phase conjugation whbst gnaging approach in a
manner that eliminates the drawbacks mentioned above x&aane, the photons are detected
pairwise (similar to previous schemes involving refereheams), but the photons in the de-
tected pairs are automatically coherent with each othettaltieeir correlated production and
the use of coincidence detection. Similarly, beyond thgalhsetup of appropriate sources and
detectors at the two ends, there is no need for active cotpetzetween the ends. No round
trip is needed, so information may be transmitted from ode ef the turbulent medium to the
other. Rather than sending the a single photon across theimeaid back, the idea here is two
send two correlated photons through the medium just ondl, wa return trip, arranging for
distortions to cancel between the two of them.

The scheme described here is part of a progression of meftsgersion cancelatioh [36,
[37,[38], aberration cancelation [39,140] 41], etc.) thatehlagen developed using classically
correlated light beams or quantum mechanically entandietim pairs to cancel various types
of optical distortions in a variety of different situatiarSince turbulence may be viewed as
a form of aberration that varies randomly in time, the workehis a logical next step in this
progression. In particular, if we remove the phase congugiitror from the apparatus described
below (fig.[3), the resulting device is essentially the saméhat used in([42] to cancel odd-
order aberrations induced by an optical imaging system.pessage of the photons through
the turbulent medium while preserving the total phase oftiiploton wavefunction can be
viewed as the result of having performed the measurementd@ceherence-free subspace of
the system([43, 24].

It should be mentioned that the approach here bears sitigkato ideas that have appeared
in other contexts. For example, the plug and play quantumptography system of [45], which
required a single photon to undergo a round trip, was altierf4] to allow a pair of entangled
photons to accomplish the same goal in a single one-waynigiing use of the stable phase
relation between the entangled photons. Similarly, ErkenehShapird[47] used phase conju-
gation to cancel the phase dependence of photon pairs intordienulate dispersion-canceled
guantum optical coherence tomography (QOCT) with classtetes of light.

We proceed as follows. In sectibh 2, we briefly review ghostgng and quickly survey the
work done to date on ghost imaging through turbulence. Therescribe two types of lens-
less phase-conjugated ghost imaging: with the two photgpsreencing independent turbulent
conditions in sectiohl3 and with both feeling the same twbutonditions in section 4. The
desired turbulence cancelation will appear in the latteec&onclusions follow in sectimn 5.

In the following, we will assume for the sake of specificityddor conceptual simplicity that
the illumination is provided by a downconversion light sseirHowever, the entanglement of
the downconverted pairs will play no role, so there appeaab&tno physical obstacle to using
spatially-correlated classical light beams or a pseudothespeckle source instead.



2. Ghost imaging and turbulence

In 1995, it was demonstrated experimentdlly|[49] (basecheoretical work in[[50, 51]) that
if a double slit was placed in one of a pair of beams origirgafitom downconversion, no
interference pattern would be formed in that beam (due tostsfficient coherence), but that the
interference effects would reappear if the coincidencediin ratéetweerthe two beams was
measured; coherence is maintained for the pair of beams hela Wl his effect became known
as ghost interferencer ghost diffraction with the word "ghost” referring to the seemingly
spooky nonlocal nature of the effect. The first demonstmatibthe related effect ofhost
imagingwas made soon after inl[1], using frequency-entangled phoadirs generated by type
[l downconversion.

In ghostimaging, a light source produces entangled phaios pr spatially correlated pairs
of light beams. One member of each pair (the target photomrget beam) is transmitted
through an object, then detected by bucket detdotoD, should be large enough to collect
all of the signal photons arriving at the far end of the appexarhe detector registers whether
photons passed through the object or were blocked; but #iriaes no spatial resolution an
image can not be reconstructed by using the information ttosdetector alone.

The other member of the pair (the reference photon or reéerbaam) travels unobstructed
to D4, a detector capable of spatial resolution. There are vanisbf the setup with or without
lenses in the reference branch, with the distances in the setisfying an appropriate imaging
condition in each case. Althouddy allows spatial structure to be recorded, the photons reach-
ing it have not interacted with the object, so that once agd@rmation fromD1 alone will not
be sufficient to reconstruct the image. However, when thermétion from the two detectors
is combined via coincidence counting, the image reappeatiseacoincidence rate is plotted
versus position im;.

In [4], it was shown that ghost imaging can be carried out wiissically correlated beams
in place of entangled photon pairs. This experiment was theifidication that the essential
element in ghost imaging is the spatial momentum corralatiothe photons, not the entan-
glement. In refs[[5,17], the question was raised as to whethest imaging could be carried
out with partially coherent thermal light from a classicalisce. This was successfully done in
the experiments of refs.][B] 9]. Other variations on ghostging that have appeared recently
includecomputational ghost imagin%2,/53] andcompressive ghost imagirfi§4].

Several theoretical analyses have recently been condattgtbst imaging in the presence
of turbulence.[[12] looked at the lensless ghost imagingasgps shown in fig]1. A fully
incoherent light source was assumed, with turbulencediltioth propagation paths. Analytic
expressions were obtained for the output of the system, atalleld numerical simulations
were performed for the case where the turbulence exists ianflge target path. In[13], a
similar analysis was performed for a partially coherentrseuwhile in [14] the case where
both detectors are spatially resolving was examined. Nmtedmparison with sectidd 4, that
in fig. [ the two branches are separated, so that the turbillettations in the branches are
independent of each other.

On the experimental side, ghost imaging with and withousésrthrough thin layers of tur-
bulence have been carried out|[L5] 16, 17]. It has been fduatdrt the case with lenses the
effect of the turbulence is strongly dependent on the locadif the turbulent layer, with the
effect becoming more prominent as the turbulence is movasctko the lens. In this paper, we
will restrict ourselves to the case of lensless ghost in@givhich is slightly simpler to treat
theoretically.

In passing, it might be pointed out that in many cases turmgebetween the object and
detectoD; in fig.[T should have no effect on the ghostimage . SD¢és a bucket detector that
only registers the arrival of light, not its spatial distriton, any additional spatial scrambling
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Fig. 1. Lensless ghost imaging setup used(inl [12,[13, 14]. Turbelenay appear in all
portions of the optical paths of each beam.
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Fig. 2. Lensless ghost imaging setup of fiy. 1, with phase conjugaterradded before
one detector. It is assumed that the distance from the PCMealétector is very small
compared to d and that there is negligible turbulence atterPCM. The total distances in
the two arms are still equal.

of phases and wavefronts after the object becomes irreleliis statement will fail to be true,
however, if the scintillation effects are sufficiently sigp In addition, if the distance D is
much larger than the size of tli®;, then some of the photons will begin to miss the detector
and the coincidence rate will drop; this fact may limit thetdhce allowed between the object
and the bucket detector.

3. Phase-conjugated ghost imaging with independent turbulent regions

As a first step toward our goal, consider the apparatus showvig.{2. This differs from that
of fig. [ by the addition of a phase conjugate mirror beforedéictorD,. We assume that a
turbulent medium fills the full propagation region and thre tlistance from the light source to
the first beam splitter is negligible comparedito
The free-space Huygens-Fresnel propagation function fyomt & in the source plane to
pointx in a plane a distanceaway is given by
1 i 2

ho(&,x) = e (&)

iAz (1)



Here, we have neglected an overall constant (independerdamd ) phase. In the presence of
turbulence, an extra factef (¢-¥)+i®(¢X) is introduced,
ik i
hg(&,x) = %ej(&X)zeﬂ(f’XHlfp(f,X)_ 2)

The functionsn (&, x) and@(&,x) vary randomly with time, necessitating a time or ensemble
average, to be denoted by angular brackets. The method to be proposed here cancels only
the phase fluctuationg( £, x). Since the phases are our main focus, we will for simpligityare
the random amplitude variation or scintillation ter¢ ,x) = 0 through most of this paper; in
the conclusion we will briefly discuss the effect of reintuothg a nonzero scintillation term.

Since the two photons pass through different turbulentoregiturbulence in each branch
will be described by a separate phase functignor ¢. For analytical simplicity we use the
standard quadratic approximation to thi&@5power law correlation function, with spatially uni-
form structure functiol©2. Pairwise correlations of the turbulence-produced phasegiven

by
< (eiq’j <x,y>) , (ei<Pj (W))*> — (BB KY)y — g [PV (3

for j = 1,2. The degree of turbulence in paittis described by the parametey = 51_2, where
]

pj = (.546C2 k?zj)~3/5 is the turbulence coherence lendthl[55]. Further, we assuithés sec-
tion that the fluctuations in the two paths are statisticatiependent, so that the factorization

<ei(p.l.('f-,Xl)*i(PZ(EaXZ)*i@.(fl;xl>+i@(flax2>> _ <ei(RL(f,X1)*i(RL(f’,X1)> . <e*i<P§‘(f-,X2)+ifP2(f/-,X2)> (4)
may be made.

The illumination is assumed to have a Gaussian profile witiussay and fixed transverse
coherence widthc. This means that expectation values of products of the puetgEp(x) will

have the form
7(5*5/)2 752+512 52+5/2 5'5’

(Ep(EELE)) =loe 22 & "B —1lpe T e, (5)
where 1 1 1
3w 2 ©
andly is the intensity at the axis.
Use of eq[R tells us that the impulse response function glmgath leading t®; is
hy(&,xz) = Creti a8 g Xt (xy ), ©

whereCy = ﬁ. Withoutthe phase conjugate mirror, the impulse response for thel@ading
to D, would be of the same form except without th{&;) factor. With the PCM, the impulse
response then is

ha(&,%2) = [Cle%(xszﬁzei@(f,xz)r ®)
Cfef%(xrfl)ze*isz(E,Xz).

Let n1, N2 be the quantum efficiencies of the two detectors, anédJjdie the (small) area of
one detection cell of the spatially-resolving detectore Thincidence rate is then given by

He(X2) = ’71'72A2/G(X17X2)d2><1, 9



where the correlation function

G(x1,%2) = (|W(x1,%2)[?) (10)

is the mean square of the biphoton amplitude,
Woaxe) =1 [ En(§)M(E xa)he(E xo)d2E, (11)

andEy(&) is the field of the pump beam. The simplified form @t (xz) given by eqs.[{o-
[I7) holds under the assumptions that the crystal is thin hatthere are narrow-band filters
in the beams [56]. The thickness of the crystaknters because the outgoing photons may be
produced anywhere in the intersection volume of the pumpaysial, however we've assumed
that the crystal is thin enough so that the production ratsdwt vary significantly in the
longitudinal direction; thus the three-dimensional voiimtegral over the possible production
points is approximated by a two-dimensional transversegiat, [ dzd*&é ~ | [ d?&. Similarly,
because of the thin-crystal approximation we can neglectiépendence of the propagators on
the initial longitudinal position within the crystal.

Substituting the propagation functions (dds. 7[@nd 8) igg[&0EIL, we find that

Giaxe) = 12nnzhe(Cal*t0xa) P [ (Enl&)ER(E") (12)
x (EX) =g x2)—Tou(E x1) +Hiep(E x2)y
x e §E-E)tax) g2z g2g!.
Making use of eq$.1B15, this becomes

. , 752+5,2+i§_,
G(x1,X2) = 12n1n2Aolo|Ca|*[t(x1)] /e oot (13)

« @ §(E-8) tax0) g (arta2) (€225 42g .

Theé, &’ integrals are Gaussian, and so can be easily evaluatedoiftuédence rate then takes
the form

Fecm(xe) =C / o2t (xg) e 0 2)%/Room, (14)

where all of the constants out front have been absorbed isitoigée constant, and where the
width of the integration kernel is

d2 4 2
Reom= 5 <1+ r—? + 8a3(ay + az)> . (15)
In the absence of turbulencey(= a, = 0), taking the plane wave limiiaf — o) causes the
width to go to zero and the integration kernel to approachita dienction.

For comparison, a similar calculation without the PCM (fily gives a coincidence rate of
the form

Tholxe) =C [ dt () e 2%, (16)
with the width ) 5 el
d 4 1
RS = 201 (1+r—ag°+8a§(al+az)+ dzao). (17)



We see that the widths satisfy
RS > Récu (18)
In fact, we have
RS = Récu + 8. (19)

Thus the apparatus with the PCM (fig. 2) will always performvadl or better than the version
without (fig.[1), with the improvementincreasing as the sifzthe illumination beam increases.
However, in both cases, the width scales ke /a for largea, indicating increased degra-
dation of the image with increased turbulence. Furtherpiongractice the improvementin the
phase-conjugated case will usually be very small in fadfeinditions @ >> r¢,ap). Butin the
next section we make a further change in the setup which teadsore dramatic improvement
in the PCM case.

4. Phase-conjugated ghost imaging with merged paths

A crucial assumption in the previous section (as well as fa.fd2,[13/14]) is that the tur-
bulent effects experienced by the two photons are stalstimdependent. This allowed the
factorization of the four-fold expectation value in Efj. Aigh in turn allowed the evaluation of
the integrals over the source by means of the two-fold egtiectin eq[B. We now remove the
assumption of independence. This is accomplished in twasskrst, we move the beam split-
ter of fig.2 from the source end of the turbulent region to tbtedtor end as shown in flg. 3, so
that both photons now move through gemeturbulent region at the same time. Thus, we now
haveq = @ = @ anda; = a; = a. Second, we assume that the two photons in each detected
pair take very nearly the same path through the turbulemdmethis can be accomplished for
example by using light fromollinear downconversion. This is approximately equivalent to in-
serting a delta functio® (X1 —X2) into G(x1,X2). The distances from the first beamsplitter to
the object and t®, are assumed small comparedicso that any turbulence in those regions
will have little opportunity to affect the outcome. Howeveote that the region from the object
to D; may be large and turbuleri; registers no information aside from whether a photon
has arrived or not; so once a photon passes the object, falitertions of the wavefronts are
invisible to the bucket detector.

For the case without the PCM, the coincidence rate will nowdiffecult to evaluate, since
the above-mentioned factorization can no longer be doneeier, for the PCM-based version
of fig.[3, we now find that all of the turbulent phase factorsqi{E cancel. Explicitly, the sum
of phases that previously appeared in[ed). 12 now becomes

iQ(&,x1) —iQ(&,x2) —i@(&',x1) +ip(E',x2)
=i [@(&,x2) — (&, x2) — P(&',X2) + P(E, X2)]
=0, (20)

where we have again assumed that there are only phase (nlituai®)pfluctuations. Thus, the
random phases induced by the turbulence cancel exactWntga perfect image. The coinci-
dence rate now has the form

Zpcm(xz) = constant [t(x2)[2. (21)

The reason for the cancelation effect is clear. As describesction[1, it has long been
known that sending a wave front through a distorting regiefiecting it off a PCM, and send-
ing it back through the distorting region produces an ou¢pntthe incident side) of a perfect
time-reversed copy of the original, undistorted wavefrdrite idea proposed here is similar,
except that rather than sending a single wavefront throbhghdistorting medium twice, the
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Fig. 3.Ghost imaging with a phase conjugate mirror and the two bresoof figl 2 merged,
so that the two photons follow the same path through the tarbbuegion. It is assumed
that the effects of any turbulence between the first beartiespind the object are small
enough to ignore. The same is assumed between the first bditter simd D,. The total
distance from the light source to the object is the same as fte light source to B

idea is to send two wavefronts through the medium once, thexbmne them (via coincidence
counting) after inverting one in the PCM. Thus, no roung-thirough the medium is neces-
sary, making undistortedne-waytransmission of images or other information possible. For
full cancelation of the distorting effects, it is necesstigt the two photons be affected equally
by the medium; thus, the requirement that they follow theesgath through the turbulent re-
gion. Further, to eliminate dispersive effects, narrowthgpectral filters should be used before
the detectors. Since turbulence does not create depdianizeither type | or type Il downcon-
version will work; type Il has the advantage that polarizirggam splitters may then be used to
separate the signal and idler before detection.

5. Conclusions

We have shown that the use of phase conjugated ghost imaginiipé potential to completely
cancel distorting effects due to passage through a meditimrandomly varying phase shifts.
Although we focused on the entangled-photon case of illatam by collinear parametric
downconversion, the same mechanism will also work with asital light source as long as
sufficiently strong spatial correlations can be maintaibetiveen the two copies of the light
after the first beamsplitter. Thus, for example, pseudatiaklight sources with speckle should
work, which makes the method more practical for real-wopgleations. Some additional
applications of this approach will be explored elsewhere.

One drawback of this method must be mentioned. Suppose waddwack in the amplitude
fluctuations, represented by the real face#$). The analog of equatidn R0 for these terms is

n(&,x1) +n"(&,x2) +n* (&', x1) + (&', x2)
=[n(&,x2) +n(&.x2) + (&' x2) +n(&',x2)]
=2[n(&,x2)+n(&' x2)] . (22)

Thus, rather than canceling, the scintillation terms anebitd in size, leading to increased
twinkling. This method will therefore work best under caimhis where the amplitude fluctua-
tions are negligible and the turbulence can be treated astadiing phase mask.

As a final observation, it may be noted that although comjmrtat and compressive ghost
imaging are important areas of investigation with potérftia a number of useful applica-



tions, the turbulence cancelation method described hdtenatiwork within the framework
of a computational approach. Since both photons must passgh a turbulent region where
the exact propagation functions are unknown, it is not e replace either photon by a
simulation. So, the traditional two-detector version obghimaging clearly still has potential
for results that can not be accomplished computationaliiveil continue to complement the
computational approach into the future.
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