
Optics Communications 246 (2005) 521–528

www.elsevier.com/locate/optcom
Generation of high-flux ultra-broadband light by
bandwidth amplification in spontaneous parametric

down conversion

Magued B. Nasr *, Giovanni Di Giuseppe, Bahaa E.A. Saleh,
Alexander V. Sergienko, Malvin C. Teich

Departments of Electrical and Computer Engineering and Physics, Quantum Imaging Laboratory, Boston University,

8, Saint Marys Street, Boston, MA 02215, USA 1

Received 30 September 2004; received in revised form 26 October 2004; accepted 2 November 2004
Abstract

We present a method for generating an ultra-broadband spectrum of spontaneous parametric down conversion

(SPDC) that is independent of the thickness of the nonlinear crystal, thereby yielding down-converted photons of high

flux. We show that the bandwidth amplification inherent in the SPDC process is maximized at a wavelength where the

group-velocity dispersion is minimal. Experimental results demonstrating the broad spectrum produced by this tech-

nique are presented.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Ultra-broadband light sources are of great use

for applications such as optical coherence tomogra-
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phy (OCT) [1,2], quantum OCT (QOCT) [3,4], and

two-photon excitations [5,6]. Several configura-

tions for generating light with an ultra-broadband

spectrum have been proposed and experimentally

demonstrated [2,7,8]. In this letter, we show that
such an ultra-broadband spectrum can be produced

via the nonlinear optical process of spontaneous

parametric down conversion (SPDC).

In the process of SPDC [9], a light source

pumps a nonlinear optical crystal (NLC). The
ed.
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nonlinear interaction inside the crystal leads to the

annihilation of a high-frequency pump photon and

the creation of a pair of lower-frequency photons,

traditionally called signal and idler. The depend-

ence of the signal and idler�s frequencies on the
frequency of the pump is governed by the phase-

matching conditions, whose nonlinearity can be

exploited for bandwidth amplification, so that a

narrow-band pump can result in the generation

of ultra-broadband signal and idler spectra. This

effect is maximal at the down-conversion wave-

length for which the group-velocity dispersion

(GVD) of the NLC cancels. Under these condi-
tions of large-bandwidth amplification, the crystal

thickness does not play a role in determining the

bandwidth. Thus, thick crystals can be used, there-

by yielding a high flux of down converted photons.
2. Perfect phase matching

The phase-matching conditions, which com-

prise energy and momentum conservation, are gi-

ven by [9]:

xs þ xi ¼ xp; ð1Þ

ksðxsÞ þ kiðxiÞ ¼ kpðxpÞ; ð2Þ
where the subscript p refers to the pump, and the

subscripts s and i refer to the signal and idler
down-converted photons, respectively. The quanti-

ties xj and kj, with j = p, s, and i, are the angular

frequencies (henceforth called frequencies) and

wave vectors inside the NLC, respectively. These

ideal conditions are applicable for an infinitely

thick NLC.

In the special case of collinear type-I SPDC, the

down-converted photons co-propagate with the
pump and have the same polarization, which is

orthogonal to that of the pump. The momentum-

conservation condition, Eq. (2), reduces to a scalar

equation with each wave vector replaced by its

magnitude,

kpðxpÞ ¼
xpneðxp; hcutÞ

c
;

ks;iðxs;iÞ ¼
xs;inoðxs;iÞ

c
: ð3Þ
The quantity ne(xp,hcut) is the extraordinary

refractive index of the birefringent NLC experi-

enced by the pump, and no(xs,i) is the ordinary

refractive index for the signal and idler waves.

These refractive indices can be computed using
the Sellmeier equations for the specific NLC mate-

rial [10]. The parameter hcut is the ‘‘cut angle’’ of

the NLC, and c is the speed of light in vacuum.

For a given pump frequency xp and crystal cut

angle hcut, the signal and idler frequencies, xs and

xi, are computed using Eqs. (1)–(3). A special case

is degenerate collinear down-conversion, where the

signal and idler have the same frequency,
xs;i ¼ xpo

=2 for xp ¼ xpo
. For example pumping

a lithium iodate (LiIO3) NLC of hcut = 39.8� with
a wavelength kpo ¼ 2pc=xpo

¼ 420 nm, will result

in degenerate collinear down-converted photons

at ko ¼ 2kpo .
We study the effect of changes in the pump fre-

quency on the frequency of the down-converted

photons by varying xp about the fixed frequency
xpo

. A change in the pump frequency by a value

Dxp, such that xp ¼ xpo
þ Dxp, results in a fre-

quency change Dxs,i of the collinear signal and id-

ler photons such that xs;i ¼ xpo
=2þ Dxs;i, subject

to Dxs + Dxi = Dxp. An approximate analytic

expression for the dependence of Dxs,i on Dxp

can be obtained by expanding the wave numbers

to second order: kjðxjÞ � koj þ k0jDxj þ 1
2
k00j ðDxjÞ2,

where j again stands for p, s, and i. We expand

the pump�s wave number around xpo
, and the sig-

nal and idler wave numbers around the degenerate

frequency xpo
=2. The quantities k0j and k00j repre-

sent the inverse of the group velocity and the

GVD experienced by each photon as it travels

through the NLC, respectively. Using this expan-

sion, the frequency deviation of the signal/idler is
approximated by

Dxs;i �
Dxp

2
�

ffiffiffiffiffiffiffiffiffiffiffi
cDxp

p
; ð4Þ

where we define a spectral-gain parameter c as

c ¼
k0p � k0

k00
; ð5Þ

where k 0 stands for k0s or k
0
i which are equal, and

likewise for k00. Note that the spectral-gain param-
eter is positive since we�re operating in the normal
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dispersion region of the material, and would grow

to infinity, within this approximation, at down-

conversion wavelengths for which the GVD

cancels.

A plot of the dependence of Dxs,i on Dxp is
shown in Fig. 1 for LiIO3. The solid curve is the ex-

act solution to the phase-matching conditions using

the Sellmeier equations, whereas the dashed curve

is the approximate solution given in Eq. (4). The

two curves clearly match for low values of Dxp,

but the deviation becomes perceptable for large

Dxp. In the inset of Fig. 1, we plot the dependence

of the spectral-gain parameter c on the wavelength
of the signal and idler photons, ks,i. In plotting c, the
cut angle of the NLC was computed to ensure col-

linear-degenerate down conversion.

As is evident in Fig. 1, a small change in the

pump frequency Dxp can lead to a large change

of the frequency of down conversion Dxs,i. For

example a change of Dxp = 2 · 1013 rad/s, corre-

sponding to a wavelength change of 2 nm (from
kp = 420 to 418 nm), results in a change in the

down-conversion frequency of Dxs,i = ±24 · 1013

rad/s, a value that is 24 times greater than Dxp.
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Fig. 1. Change in the down-conversion angular frequency, Dxs,i, ver

perfect phase matching, in accordance with Eqs. (1)–(3). The solid curv
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(5), as a function of ks,i.
Based on these results, it is clear that a non-

monochromatic pump with a spectrum spanning

the frequencies between xpo and xpo þ Dxp will

generate down-converted photons with a spectrum

covering the range xpo=2� Dxs;i, yielding a sub-
stantial bandwidth gain. The bandwidth gain,

Dxs,i/Dxp, increases monotonically withffiffiffi
c

p
and decreases with

ffiffiffiffiffiffiffiffiffi
Dxp

p
as shown in Eq.

(4). A negative value of Dxp does not result in col-

linear phase matching.
3. Quantum mechanical treatment

We now proceed to show that this acquired

benefit of bandwidth amplification, which has

heretofore been described in the context of an infi-

nitely thick crystal (perfect phase matching), is, in

fact, independent of the NLC thickness. For a

broadband pump (e.g., a pulsed laser) pumping

a type-I NLC of finite thickness, and assuming a
uniform transverse distribution (i.e., a plane-

wave), the down-converted two-photon state is

given by [11]
2x1013

418.1

922.3

879.4

840.0

803.5

769.4

00 1200

GTH λ
p

(nm)
S

IG
N

A
L

/I
D

LE
R

W
A

V
E

LE
N

G
TH

λ s,
i
(n

m
)

ANGE ∆ω
p

(rad/sec)

λ
s, i

(nm)

sus the change in the pump angular frequency, Dxp, assuming

e is plotted using the exact wave-number values computed from

ing Eq. (4), obtained from a second-order approximation of the

degenerate case where a monochromatic pump of wavelength

p abscissa is the wavelength of the pump that corresponds to the

he right ordinate indicates the signal and idler wavelength

the inset we plot the spectral gain parameter c, appearing in Eq.



524 M.B. Nasr et al. / Optics Communications 246 (2005) 521–528
jwi ¼
Z

dxs

Z
dxiEpðxs þ xiÞUðxs;xiÞ jxsi jxii:

ð6Þ
The function U(xs,xi) is the phase-matching func-

tion given by

Uðxs;xiÞ ¼ sincf½ksðxsÞaðxsÞ þ kiðxiÞaðxiÞ
� kpðxs þ xiÞ�L=2g; ð7Þ

where L is the NLC thickness, sinc(x) = sin(x)/x,

Ep(x) is the Fourier transform of the temporal dis-

tribution of the pulsed pump, and jxs,iæ is a one-

photon Fock state at the signal/idler frequency.

The parameter a(xs,i) is given by

aðxs;iÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2oðxs;iÞ � sin2ðhoutÞ

q
=noðxs;iÞ; ð8Þ

where hout is the angle between the non-collinear

down-converted photon beams and the pump,

measured outside the NLC.

The power spectral densities SsðxsÞ and
SiðxiÞ of the individual signal and idler photons

(singles spectra), given by

Ss;iðxs;iÞ ¼
Z

dxi;s jEpðxs þ xiÞUðxs;xiÞj2; ð9Þ
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Fig. 2. Calculated normalized singles spectrum for three values of the n

10 mm (solid). We assume a pump with a Gaussian spectrum of spectr

pump could be obtained by doubling the output of a pulsed Ti:Al2O3 las

jEp(x)j2, as shown by the dotted curve. The plots represent results for a
are identical because of the underlying symmetry

of the function U(xs,xi). In type-II SPDC, on

the other hand, the signal and idler are orthogo-

nally polarized and do not, in general, have identi-

cal spectra [11].
4. Independence of singles-spectrum bandwidth on

NLC thickness

Using Eqs. (3), (7), (8), and (9) we plot the singles

spectra in Fig. 2. We assume a Gaussian pump,

EpðxÞ ¼ ð1=
ffiffiffiffiffiffi
2p

p
rÞ expð�ðx� xpoÞ

2
=2r2Þ, whose

spectral intensity, jEp(x)j2, has a FWHM equal to

2
ffiffiffiffiffiffiffiffi
ln 2

p
r. In our computations we assume a center

wavelength kp = 420 nm and a spectral width

r = 3 · 1013 rad/s. Such a pump can be obtained

by doubling the output of a pulsed Ti:Al2O3 laser

operating at ko = 840 nm.We present plots for three

LiIO3 nonlinear crystals of different thicknesses,

L = 0.1, 1.0, and 10 mm; we have chosen
hcut = 39.8�. For comparison, we plot the spectral

intensity jEp(x)j2 of a Ti:Al2O3 pulsed laser before

doubling. It is clear fromFig. 2 that the singles spec-

trum is effectively independent of the NLC thickness.
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al width r = 3 · 1013 rad/s centered around kp = 420 nm. Such a

er operating at ko = 840 nmwhich would have a spectral intensity

LiIO3 NLC with hcut = 39.8�, as used in Fig. 1.
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nm.
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In Fig. 3 we plot the FWHM of the singles spec-

tra as a function of the FWHM of the pump�s spec-
tral intensity, jEp(x)j2. It is clear that for a pump

with sufficiently broad spectrum, the effect of the

NLC thickness is negligible. This confirms previ-

ously obtained theoretical results [12], and is of

great importance for the production of high-flux

broadband down-converted photons. For a mono-
chromatic pump, theNLC thickness plays the dom-

inant role in determining the singles spectra. In this

case thinner NLCs generate broader singles spectra

but have the disadvantage of low photon flux.

The singles spectrum depends on the overlap of

the two functions Ep(xs + xi) and U(xs,xi), as

shown in Eq. (9). We plot these two functions,

along with their product, in Fig. 4. The pump spec-
trum Ep(xs + xi), shown in the leftmost plot, is a

band extending parallel to the xs = �xi line, which

has an infinite length and a thickness that depends

on the pump spectral width r. The width of the

phase-matching function U(xs,xi), shown in the

center plot, is determined by the crystal thickness

L; its curvature is governed by the dispersion prop-

erties of the material. If the curvature of U(xs,xi)
is negligible, the product of Ep and U continues

to stretch over an infinite length. It is apparent

from Eq. (9) that the singles spectra will then have

infinite width since they are simply the projection

of jEpUj2 on the axes xs and xi. This result is inde-

pendent of the width of either of the two functions.

The effect of curvature in the phase-matching func-

tion is to reduce the overlap between Ep and U,
thereby leading to a reduced singles-spectrum

bandwidth, as exemplified in the rightmost plot

of Fig. 4. Such a curvature plays a far larger role

than crystal thickness in determining the singles

spectra.

This effect can be examined quantitatively by

expanding the wave numbers kj(xj) to second or-

der, as in the derivation of Eq. (4). The phase-
matching function U(xs,xi) in Eq. (7) can then

be written as

Uðxs;xiÞ � sincf½AðDxs þ DxiÞ þ BðDxs þ DxiÞ2

� CðDxsDxiÞ�L=2g; ð10Þ

with A ¼ k0 � k0p; B ¼ ðk00 � k00pÞ=2, and C = k00. If
the GVD at the wavelength of the down-converted



Fig. 4. Plots of the pump spectrum Ep(xs + xi) (left); the phase-matching function U(xs,xi) (middle); and the product of the two

functions, Ep(xs + xi) · U(xs,xi) (right).
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photons vanishes, i.e., k00 = 0, U(xs,xi) depends

only on (Dxs + Dxi) so that there is no curvature
and therefore an infinite singles spectrum. This re-

sult is analogous to that obtained in Eq. (5), in

which the spectral gain parameter c becomes

infinite for vanishing GVD. In this limiting case,

higher-order dispersion terms come into play. It

is gratifying that, within a second-order approxi-

mation, these two routes (perfect phase matching

and quantum treatment) lead to that same result.
In the theoretical exposition presented thus far,

a plane-wave pump has been assumed. The use of

a spatially non-uniform pulsed pump, such as a fo-

cused pump, was theoretically studied in [13].

According to [13], the effect of the pump�s spatial
distribution comes into play when the ratio of

the pump�s beam waist to the crystal�s length vio-

lates a certain condition. In the experimental work
presented in the following section we do not vio-

late this condition.
Fig. 5. Experimental arrangement for measuring the autocor-

relation function I(s) for the down-converted photons. A

monochromatic Ar+-ion laser pumps a pulsed Ti:Al2O3 laser

generating an 18-nm-wide, full width at half maximum

(FWHM), spectrum centered about the wavelength 840 nm.

The output of the Ti:Al2O3 is doubled to 420 nm and is used to

pump LiIO3 crystals of different thicknesses. The laser beam is

collimated to a spot diameter of �2 mm at the crystal input.

The down-converted photons are emitted in a non-collinear

fashion making an angle hout = 8� with the pump. BD stands for

beam dump, BS for beam splitter, M for mirror, A for 4.5-mm

aperture, F for long-pass filter with cutoff at 625 nm, and D for

single-photon-counting detector (EG&G, SPCM-AQR-15).

The quantity s represents a temporal delay.
5. Experimental results

Finally we present the results of an experiment

that confirms the theory considered above. The
experimental setup is shown in Fig. 5. The output

of a pulsed Ti:Al2O3 laser (pumped by a mono-

chromatic Ar-ion laser) having a FWHM of 18

nm, centered about the wavelength 840 nm, is dou-

bled to 420 nm and is used to pump LiIO3 crystals

of different thicknesses. The laser beam is colli-

mated to a spot diameter of �2 mm at the crystal

input. The down-converted photons are emitted in
two non-collinear beams, denoted 1 and 2, that
make an output angle hout = 8� with respect to

the pump. The photons in beam 1 are discarded
and the autocorrelation function of the photons

in beam 2 are obtained using a Michelson interfer-

ometer which consists of mirrors M1 and M2,

beam splitter BS, and the single-photon-counting

detector D. A 4.5-mm aperture A, and a long-pass

filter F with cutoff at 625 nm are placed in front of

the detector to minimize background leakage. The

temporal delay s is swept and the singles rate is re-
corded, forming the autocorrelation function I(s).

In Figs. 6(a) and (b) we plot the measured auto-

correlation function for the down-converted light

produced in a 1-mm and a 12-mm thick LiIO3
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Fig. 6. Experimental results. Autocorrelation of a beam of down-converted light produced in: (a) a 1-mm thick LiIO3 NLC; (b) a 12-

mm thick LiIO3 NLC. Note that the widths of the two functions are quite similar. (c) Autocorrelation of the Ti:Al2O3 pump pulse.

Note that it is approximately a factor of 10 broader than the autocorrelation functions in (a) and (b). (d) Calculated spectrum of the

down conversion (dotted curve); calculated spectrum of the down conversion multiplied by the spectral response of the single-photon-

counting detector which peaks at 700 nm (solid curve); experimental spectrum of the Ti:Al2O3 pulsed laser pump (dashed curve); and

experimental spectrum of down conversion obtained by taking the Fourier transform of the autocorrelation function in (b) (triangles).

The theoretical (solid curve) and experimental (triangles) spectra are in good accord.
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NLC, respectively. The widths of the two autocor-

relation functions are seen to be quite similar in

spite of the substantial difference in the thickness

of the crystals. In Fig. 6(c) we plot the autocorre-

lation function of the Ti:Al2O3 output, which is

obviously broader than the down-conversion auto-
correlation functions in Figs. 6(a) and (b). Since

the Fourier transform of the autocorrelation func-

tion is the singles spectrum, it is clear that we have

experimentally generated ultra-broadband SPDC

with a bandwidth amplification factor of �10.

In Fig. 6(d), the dashed, dotted, and solid

curves represent, respectively, the spectrum of the

Ti:Al2O3 output (the Fourier transform of Fig.
6(c)), the calculated singles spectrum (from Eqs.

(7)–(9)), and the calculated singles spectrum multi-

plied by the spectral response of the single-photon-

counting detector, which has its peak response at

700 nm (EG&G, SPCM-AQR-15). The experi-

mental singles spectrum (triangles) is the Fourier

transform of the autocorrelation function shown
in Fig. 6 (b). It is apparent that the theoretical (so-

lid curve) and experimental (triangles) singles spec-

trum are in good accord, thereby confirming the

validity of the theory.
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