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Biphoton focusing for two-photon excitation
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We study two-photon excitation using biphotons generated via the process of spontaneous parametric down
conversion in a nonlinear crystal. We show that the focusing of these biphotons yields an excitation distribution
that is the same as the distribution of one-photon excitation at the pump wavelength. We also demonstrate that
biphoton excitation in the image region yields a distribution whose axial width is approximately that of the
crystal thickness and whose transverse width is that of the pump at the input to the crystal.
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[. INTRODUCTION to be thin and, for simplicity but without loss of generality,
we assume a one-dimension@h the transverse direction

Two-photon excitation is a nonlinear optical process inoptical system.
which the simultaneous absorption of two photons excites an
atomic system to a higher-energy state. This process, firstl. REVIEW OF ONE- AND TWO-PHOTON EXCITATION
studied by Gppert-Mayer in 19311], has found use in vari- IN THE FOCAL REGION
ous applications including microscofdy,3], spectroscopy
[4], and lithography5]. Since the arrival times and locations
of photons generated by traditional light sources are randonf,
an appreciable rate of simultaneous two-photon absorptio
can only be achieved with an intense light source that id
tightly focused in space and tini8]. GV(x,2)* LA(X,2), 2.1

Some quantum sources of light exhibit statistical behavior
that is more suited to such a process. One such source \ghere
provided by the process of spontaneous parametric down
conversion(SPDQ. In this process, an intense optical beam 2XIX, 22/z
(pump illuminates a nonlinear crystdNLC). Some of the U=1+2t, X=707% 2“1 zp
pump photons disintegrate into photon pdlsgphotong, tra-
ditionally called signal and idler, that conserve the energyand
and momentum of the parent pump phof6ér-8]. The signal o )
and idler photons are created almost simultaneously in the ks . . 2
NLC [9]. It is expected that the use of this source for the A(X’Z)_‘ J,0,5d'6 exp(=j2mXp)exp(=jmZf7)| -
purpose of two-photon excitation will yield a two-photon (2.2
absorption rate comparable with that produced by a random
source of light, but at a far lower photon flik0]. It has also  The variableszC=2>\pF§ and x.=2\ F4 are characteristic
been suggested that such a source could find use in twaxial and transverse distances, respectively, e f/D is
photon lithography 11]. the F number of the lens.

In this paper, we study the distribution of two-photon ex- We now considertwo-photon excitationA monochro-
citation using biphotons, which we refer to biphoton ex-  matic plane wave of wavelengity =2\ is focused onto the
citation. We begin by reviewing one- and two-photon exci- focal region, as illustrated in Fig.(d). The rate of two-
tation distributions using classical lig®ec. 1). Using the  photon excitation, i.e., the rate at which photons are absorbed
formalism of biphoton excitatior{Sec. Ill), we study two in pairs, is proportional to the square of the incident intensity
simple cases: biphoton excitation in the focal regi®ec. [12], G(z)(x,z). Therefore,

IV); and biphoton excitation in the image regit8ec. V).
We determine the effect of the various physical parameters of G2 (x,2)= —AZ(— _) 2.3
the SPDC process and the optical delivery system on the ’ u? 2'2/" :
biphoton excitation distribution. All lenses used are assumed

The axial distribution ak=0 is

For a monochromatic plane wave of wavelength fo-
used by a thin lens of focal lengtfand apertur®, the rate
f one-photon excitatiarG(*)(x,z), which is proportional to
e intensity in the focal region, is given by
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FIG. 1. Two-photon excitation in the focal region usirig) a
classical source(b) a biphoton source generated via SPDC in a
nonlinear crysta(NLC) of thicknesd. The spectral filter is narrow
and centered about the degenerate waveleRgth2\ ,. fgppc is
the angle of the cone of SPDC emission.

, Spectral filter
X

X

and the transverse distribution at the focal plane Q) can
be shown to be

X
2

G@(x,0)c sin(f"( ) (2.5

Typically z.<f and U=1, so thatX~2x/x. and Z
~27/z.. In this case, the distributions of one-photon excita-
tion G™(x,z) and two-photon excitatio(?)(x,z) are inde-
pendent of the focal lengtif. The axial sections of
G®(x,2) (dotted, andG?)(x,z) (solid), are plotted in Fig.
2(a). The abscissa is normalized through divisionzhy The
transverse sections are plotted in Fi¢h)2and the abscissa is
normalized through division by, .

From Figs. 2a) and 2b) we deduce that the axial width,
full width at half maximum(FWHM) of one-photon excita-
tion is 3.5, and the transverse width is 0x44 The axial
width of two-photon excitation is 54, and the transverse
width is 0.64.

I1l. BIPHOTON EXCITATION

To study the axial and transverse distributions of biphoton
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FIG. 2. Comparison between distributions of one-photon, two-
photon, and biphoton excitatiorfa) Axial distribution (arbitrary
units); the abscissa is normalized through division &y, where
zC:2)\pF§. (b) Transverse distributiorfarbitrary unit$; the ab-
scissa is normalized through division Ry, wherex =2\ F.

where the transfer function H(X, z; q; w)
=fdx'h(x, z; X"; »)el®. It is understood that all integra-
tion limits extend from—o to « unless otherwise indicated.

The functionA in Eqg. (3.1) is related to the pump and
NLC parameters by

A(Us, i, w)=Ep(as+a)Z(ds, Ui ws), (3.2

excitation, we present a brief review of the results reported in

Ref.[13].

Consider SPDC from a NLC of thicknespumped by a
normally incident monochromatic beam of angular fre-
quencyw,=2mc/\, and transverse field distributidgy,(x).
The signals and idleri beams are both transmitted through a
linear optical system of impulse response function
h(x,z;x"; ), examples of which are shown in Figgbland

3. In this paper, we consider crystals of thickness such that,

I>X\,, which is the practical case.
The biphoton excitation, which is proportional to the two-
photon coincidence at the same space-time point, is

GEf)(x,Z):Uff dgydidwsA (s, i, ws)H(X,Z;s; ws)

2

XH(X,Z,0i ; 0p — ws) (3.2

where

{(ds, di; ws)=Isin —Ar

2

dmar e -i

), (3.3

with  Ey(a@)=/dx Ey(x)e 1%, Ar=r,—re—r;, T;
\/njz(w)wzlcz—qu, andj=p, s, i; r;, g; are the longitu-
dinal and transverse components of the momentum vector,
respectively, ana; () is the index of refraction of the NLC

at w. The NLC is birefringent and thus its index of refraction
may be ordinary or extraordinary, depending on the SPDC
configuration: type-l or type-I[7,8]. In this paper, we study
type-1 SPDC where the polarization of the pump is extraor-
dinary while those for the signal and idler are ordinary. We
considerB-barium borate(BBO) crystals for our computa-
tions.
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The functionA(qs, q; , ws) defined by Eq(3.2) confines G (x,0)csin(X). (4.5
the spatial and spectral frequencies of the down-converted

pairs to certain bands. We differentiate here between tw%xcept for the W2 factor in Eq.(4.4), which is approxi-

cases: the collinear case, where the majority of SPDC bipho- ately unity for all practical cases, the biphoton excitation
tons are emitted in directions centered about the direction og(z) T . ' .

the pump, and the noncollinear case, where the majority of ° (x,2) is |dent|ca(lll)to the (_Jne-p_hoton ex0|tat|on_ at the
SPDC is centered about some off-axis directions. The crystrﬂump yvav_elengthG (x,2), given in Eq.(2.1) and illus-
cut-angled. determines which case is produced and changgrated in Figs. £) and 2b).
ing 6., Will change the output gradually from one case to the

other[14]. V. BIPHOTON EXCITATION IN THE IMAGE REGION

We now consider the delivery of biphotons to a thick
target by a thin lens in an imaging configuration of magnifi-

Consider the configuration illustrated in Figlbl where  cationM. We first consider an ideal system, and compare it
collinear biphotons generated by SPDC are focused onto @ systems including nonideal effects taken one at a time.
thick target. A plane-wave pump is assumed and a narrow
spectral filter is used to limit the signal and idlgiphoton

bandwidths, to a narrow range about the degenerate wave- ) ) ] )
length \,=2\,. The transfer function for this system is We consider an ideal lens with no aperture; assume unity

IV. BIPHOTON EXCITATION IN THE FOCAL REGION

A. ldeal imaging system

[8,15] magnification M =1) and a spectral filter of narrow band-
width centered abowt, (see Fig. 3. For points in the vicin-
1 N ity of the image plane4=0), the transfer function of this
H(x,z Q; w)= ex;{'—) system ig8,14],
(x,zq NNTTRARENLY y 98,14
Az
¢ P 27X H(X, z; q; w) ex;{—j —qz)
i 2 _ - 1 1 L]
2 1
(4.1) AL | O
) X ex erXJZM 1+U .
wherePg(q) is the Fourier transform of the generalized pu- (5.1)

pil function Py(x)=p(x)exp[—j m2X/\Uf?], p(x) is the
pupil function which is taken to be rectangular of widih i . e
andd is the distance between the NLC and lens. Using Eqsgfo[)?ﬁé?gre] g(i\i/fa{i)grzni% it can be shown that the distribution
(3.1)—(3.3 and(4.1), one may show that P

2

@) 05 [05  Z 5 5 2) ~ _ . ApZ B
G2 (x,2) . _osdad'BeX —jmy(a?+?) Gyi (X, )| | dqf(a,—0; wo)exp —j —750a%||
o (5.2
2
xex —jmX(at B)lgla=p)| (4.2 where the subscript bi denotes this ideal biphoton system.
Since the functiorG{?)(x,z) is independent ok, we denote
with it hereafter axG{?)(2).
For collinear SPDC, plots <ﬁ5§f)(z) are shown in Fig. 4
g(a_ﬁ):j dp sind w1p?)exp( —j 27 uop?) for several values df assuming that>1l, (i.e.,U~1). Itis
X EXLI]' 277(01—,8);)]; (4_3) 2 . Spectral filter
m1=leq/TN¢,  po= (Il ¢g/2+d)/fN;, Ni=D?\,f is a 7

Fresnel numbet.,=1/n,(w,) is an equivalent crystal thick-
ness, andah,(w,) is the ordinary refractive index of the NLC
at the degenerate angular frequeney=2mwc/\,. Since
mn1<<1 andu,<<1 for all practical values of and distances
d, Eq. (4.3 simplifies tog(a—B)=4d(a—B). As a result,
Eq. (4.2 gives

1
Gé2>(x,z)ocmA(X,Z), (4.9 I‘K’I'_ d“zzf_’l‘_d":2f_.|

and therefore the transverse biphoton excitation is FIG. 3. Biphoton excitation in the imaging region.
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FIG. 6. Dependence of peak height of the axial biphoton exci-

FIG. 4. Axial distribution of biphoton excitation for the ideal ) s . . .
imaging systemG{?(z), in arbitrary units. BBO crystals of thick- tation, Gy’(z), on the cut-angle., in arbitrary units. Three BBO

ness=2, 5, and 10 mm cut for collinear SPDC are considered. Fononlinear crystals, with thicknesses2, 5, and 10 mm are consid-
a pump of wavelength ,=532 nm, the collinear cut angle &,  €red- The pump’s wavelength ig,= 532 nm.

=22.88°.

evident that the three distributions have the same generaf1)F:, and the angle of the cone of SPDC emissi@ghpc
shape but are scaled in width and height garies. Using a  [see Fig. 1b)]. Using the NLC functior{(qs, q; ; @), fsppc
pump of wavelengtf\,=532 nm, the collinear cut angle is js  estimated to be 6sppc= \/Zno(wo)An+7\o/|eq-
Ocu=22.88°. As the cut angle is changed from the collinearrhe refractive index differencan=n,(w,)— Ne(@p, Oou)
value, the distribution gradually narrows and eventually beig positive for the noncollinear case and is zero for the
comes bounded by a rectangular function of wilth This  .qinear case. A negative value fam indicates nondegen-
effect is more pronounced for thicker crystals. Figure 5 |Ilus:-erate emission. which we do not consider here. The
tratesG{?)(z) for several crystal cut angles corresponding to ' ; ; : '
coIIineat;I afm)d noncollinearySPDC in agz-mm thigk cr sgtal parameter Ne(w,, fou) IS the - extraordinary index of

i . i S YStal- yefraction of the pump. We have computed the biphoton axial
The abscissa is normalized through division RYy. The e ) _

. . istribution, Gy(0,2), for several values of the ratio
height increases to a peak value and then decreases as 90 /0 d th it h in Fia. 7. Th
transition from collinear to noncollinear occurs. This effect is® ~ “SPDC' Vlens an € resufls are s ovx_/n 'n_ '2% - 1he

finite lens aperture has the effect of Wldemﬁij) (0,2).

shown in Fig. 6.
We have also examined the case of a very short focd‘l‘lowever, ifé< 065, we Cameglect the effect of the finite

length, when the conditiof> 1. is not satisfied. In this case, aperture.

the axial distribution is narrowed. For example, for the case

of collinear SPDC withf/l¢;=1 in a 2-mm-thick crystal, C. Effect of finite t dth of th

the axial distribution narrows by 30%. In the remainder of - Effect ot finite transverse width or the pump

this paper, we retain the assumption leq. For a pump confined to an aperture of characteristic width

B. Effect of finite lens aperture b such thato> vl ,, which is the case we consider here,

The effect of the lens aperture is governed by the ratio
between the angle subtended by the lefs,— M/2(M 1 " "
5=0.65 5=0
1 v —7 0.8 (Circles)
Collinear i
0.8 cut-angle +—— Non-collinear ; = 06}
22.887 || 1| cutangles s
= i 8a
|06} o O 0.4}
s { \
[O) H A
0.4} i H 0.2
0.2} i . . .
; - -1.5 -1 0.5 0 0.5
y 9 NORMALIZED AXIAL DISTANCE z
0
4 FIG. 7. Axial distribution of biphoton excitatios{?(0, ), for

-3 -2 -1 0 1 2
NORMALIZED AXIAL DISTANCE z , , , ! :
different values of the rati@= 6(sppq/ iens iN arbitrary units. The

FIG. 5. The axial distribution of biphoton excitation for the ideal parameters is the ratio between the angle of the cone of SPDC
imaging system,GEf)(z), in arbitrary units. The cut angle of a emission 6sppc, and the angle subtended by the ler,,s
2-mm BBO NLC is changed from a collinear case to a noncollinear=M/2(M + 1)F,. The abscissa is normalized through division by

case. The abscissa is normalized through divisiotcgy leg-
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FIG. 9. Relative dependence of the peakagf’(0,2) on bipho-
! ton bandwidth BW for a 2-mm BBO NLC cut an angl,,
BW =010 0.06 =22.95° (solid and a 10-mm BBO NLC cut at an angi,;
0.8 =22.89° (dotted. The BW is normalized to the degenerate angular
= _ frequencyw,=2mc/\,, whereh,=2\,=1064 nm is the degener-
S 0.6/BW=0.12 ate wavelength.
S a
© 0.4f
02 . crystals with|=10 and 2 mm respectively. The plots in
B these two figures are normalized to have unity peak values
in order to easily observe the change in the width. The

43 NORMAZIzED Axtal bisTanEE 2 0.1 rglative dependt_ance_ of the p_eak_ valueGif)(0,2) on theT
) biphoton bandwidth is shown in Fig. 9 for both crystal thick-
ness. The biphoton bandwidth is centered about the degener-

FIG. 8. Normalized axial distribution of biphoton excitation Eite angula}r frequencyw,=2mc/N,, where _)‘0:2)‘p
G(®(02) in arbitrary units for different biphoton bandwidth@  — L064NMmis the degenerate wavelength used in the compu-

10-mm BBO NLC cut at an anglé,,=22.89°. (b) 2-mm BBO tations._ For each pIot_in Fig. 8_the pandwidth valBav) is
NLC cut at an anglé,=22.95°. For each plot, the biphoton band- Normalized tow, and is also given in nanometers. In com-
width value (BW) is normalized to the degenerate angular fre-Puting Figs. 8 and 9, we have choség, to correspond to
guencyw,=2mc/\,, where\,=2\,=1064 nm is the degenerate the highest peak value @’L%E,iz)(z) for each crystal thickness
wavelength. At this wavelength, the normalized frequency band{see Fig. 6.

widths 0.02, 0.06, 0.12, and 0.20 correspond to wavelength band-

widths 21, 64, 128, and 214 nm, respectively. VI. CONCLUSION

Focusing spontaneous parametric down conversion
the shape 06{?)(0,2) is identical to that of the ideal system (SPDQ through a thin lens yields a biphoton-excitation
G®(2). If the limit b> /_|eq>\p is not satisfied, the diffraction distribution that is the same as that of one-photon excitation
within the crystal has to be treated rigorously. By substituting?t the pump wavelength in the axial and transverse
H(x, z=0;q; ®) [Eq. (5.1] in Eq. (3.1, it can be shown directions. The two systems therefore have the same
that the transverse distribution at the in-focus imaging planéeselution when used in a scanning microscope. On the

(z=0) is the image of the pump, just as predicted by geo_other hand, biphoton excitation in the image region of
metrical optics. an ideal imaging optical system vyields a distribution

whose axial width is the crystal equivalent thickness
leg=1/no(w,), and whose transverse width is equal to
the transverse width of the pump at the input to the nonlinear
Finally, we study the effect of increasing the biphotoncrystal (NLC). When diffraction arising from the lens
bandwidth ontf)(O,z). Substituting the transfer function aperture is taken into account, the axial distribution widens.
H(x=0,z; q; o) [Eq. (5.1)] into Eq. (3.1), we have com- Including the broad spectrum of SPDC results in a narrowing
puted G{)(0,2) assuming a lens with no chromatic aberra-of the axial distribution.
tion. The results are presented in Figs. 8 and 9. From these
plots of G{?)(0,2) it is clear that the height increases and the
width decreases as the biphoton bandwidth is increased. The
effect is more pronounced for thicker crystals and for larger This work was supported by the National Science Foun-
cut angles. dation; by the Center for Subsurface Sensing and Imaging
The change in the axial distribution arising from increas-Systems(CenSSI$, an NSF engineering research center;
ing biphoton bandwidth is shown in Figs(a® and 8b) for and by the David & Lucile Packard Foundation.

D. Effect of SPDC bandwidth
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