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Abstract. The influence of temperature on generating single cycle biphotons by noncollinear spontaneous
parametric down-conversion (SPDC) in chirped quasi-phase-matching (QPM) periodically poled lithium
niobate (PPLN) crystal have been studied in this paper. Numerical simulation shows that characteristics of
the biphotons are mainly determined by the phase matching function which is dependent on the angle of the
noncollinear SPDC and the temperature of the nonlinear crystal. Moreover, the angle plays a more significant
role in noncollinear SPDC. The smaller angle and lower temperature can produce better phase matching effect
while the angle and temperature changes within an appropriate range. The count rate of the biphotons will
decrease, the bandwidth of biphotons will be compressed and the temporal width is widened for a certain appro-
priate angle in noncollinear SPDC while temperature is increased. However, as long as the angle and temper-
ature are suitable, the biphotons generated by SPDC in the chirped QPM PPLN crystal are ultrashort pulses
with single cycles.
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1 Introduction

In recent decades, generation ultrashort optical pulses with
single or even subcycle, has been regarded as a basic optical
topic, shows great progresses in the range of THz, visible
and extreme ultraviolet band [1–5] as ultrafast optical
pulses, with few-, single- or sub-cycle, they are used for
coherent population transfer, because they can easily access
to the electric ground states of many molecules. Especially
in the multi-level system, the single- and sub-cycle pulses
show more suitable application for transferring population
due to their ultrabroad spectra [6]. Various techniques for
generation ultrafast pulse have been proposed and studied
in both theory and experiment [7–12]. And the bandwidths
of the experimental pulses have reached several or even tens
of THz [13]. Among these excellent works, the spontaneous
parametric down conversion (SPDC) is a primary and con-
venient method for generating biphotons with entangle-
ment [14–18].

The SPDC process mainly concerns the interaction
between the pump light and the nonlinear crystal. The crys-
tal is precisely designed for SPDC, such as periodically
poled lithium niobate (PPLN) in this paper. As the pump
light with frequency xp incidents into this crystal, it can
be split into two photons named as signal and idler lights

with lower frequencies xs and xi, respectively. The two
simultaneously generated photons show wide broadband
spectra and high degree of entanglement based on the
squeezed quantum states. Generally, the broadband spectra
could be produced by a thin nonlinear crystal. And the
spectra bandwidth is inversely proportional to the length
of crystal during SPDC [19, 20]. However, the effect pro-
duced by shortening the crystal length to increase the spec-
tral width is limited. The bandwidth of the biphotons can
be made wider by other methods, such as the more perfect
phase-matching condition [21], the better phase compensa-
tion [22], or chirped quasi-phase-matched crystals [23], etc.

The collinear SPDC is an ideal model for the generation
of ultrafast biphotons with single cycles. However, in
experiments, two factors need to be considered: the effect
of temperature on the crystal length and the effect of angle
on the noncollinear SPDC. Reference [24] focused on the
thermal expansion and contraction effect of temperature
on nonlinear crystals, which directly determines the effect
of temperature on the grating periods of the QPM PPLN
crystal. Reference [25] focused on the effect of angle on
the SPDC, and found that a single cycles ultrashort pulse
can be generated with tiny angle.

In this paper, we focus on the chirped QPM PPLN crys-
tal, it is subjected to the influence of thermal expansion and
contraction in SPDC process, which affects the optical path
of pulse propagation in the crystal [26], and this directly
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determines other characteristics for the biphotons. Espe-
cially for QPM crystal, where thermal effects can change
the period of nonlinear crystals and thus alter the phase
matching conditions. Given this, we consider the influence
of crystal’s thermal expansion and contraction effect on
chirp QPM, and explore its impact on the biphotons char-
acteristics generated by SPDC. In the noncollinear SPDC,
temperature plays an important role in the whole process,
especially the influence on the grating periods of the
QPM crystal and the angle of noncollinear process. Both
the two factors determine the effectiveness of phase match-
ing. Therefore, we focus on the effect of temperature
modulation on the grating periods in chirped quasi-phase-
matched crystal and the effect of angle in the noncollinear
process, so that it is help to generate the ultrashort pulses
with narrower temporal width in experiments.

2 Theory

2.1 The noncollinear SPDC in chirped QPM PPLN

In SPDC, the pump light incidents into the chirped QPM
PPLN crystal and split into two photons named signal
and idler lights. As we consider the type 0 (e ? e + e),
the pump, signal and idler photons are extraordinary lights,
they can be expressed by creation and annihilation opera-
tors during SPDC process [27]:

Elê r; tð Þ ¼ i
2p

Z
ne kð Þj j�1 hmð Þ1=2ây

el kð Þeikr�ixt ê kð Þ
h i

dk

þ ne kð Þj j�1 hmð Þ1=2âel kð Þeikrþixt ê kð Þ
h i

dk; ð1Þ
where l = p, s, i represent pump, signal and idler lights.
ay
e kð Þ and ae kð Þ are the creation and annihilation operators

in the poled vectors ê kð Þ for extraordinary lights. For sim-
plicity, it is assumed that the pump light as a monochro-
matic one with central wavelength kp = 0.42 lm, and its
frequency signed as xp [23]. Its electric field is independent
with time and expressed as:

Ep ¼
Z

Ep0d x� xpð Þdx: ð2Þ

As the pump light propagates in a general nonlinear crystal,
the down conversion efficiency would be decreased. JA
Armstrong et al. [28] have proposed a method called the
quasi-phase-matching (QPM). It is designed as periodically
poled grating with alternate reversal poled directions. These
poled gratings in QPM can be expressed with Fourier
expansion forms shown as follows [29]:

d zð Þ ¼ deff

X1
m¼�1

Gm � exp �ikmzð Þ ð3Þ

where deff is the effective nonlinear coefficient for the nonlin-
ear crystal, and km ¼ 2pm

K is the mth Fourier form for the
grating vector.

For PPLN crystal, its length is also affected by thermal
expansion and cold contraction, which can be expressed by
the temperature dependent thermal expansion and cold
contraction formula shown as follows [24]:

L Tð Þ ¼ L0 1þ b Tð Þ T � T 0ð Þ½ �; ð4Þ
where L0 is the crystal length when T0 = 25 �C, b(T) is
the thermal expansion coefficient. The crystal length
increases in approximately positive proportion with the
increase of temperature. Meanwhile, the grating poled
period along the propagation direction is also affected
by thermal expansion and cold contraction, and its
change can also be expressed by the above equation. In
generally, the total crystal length is the sum of the length
of each poled grating period Kj(T), which can be
expressed by the following equation:

L Tð Þ ¼ K0 þ K1 þ K2 þ . . . ¼
X

j
Kj Tð Þ: ð5Þ

Consider the chirped QPM PPLN crystal as shown in
Figure 1, each poled grating period is a function of the prop-
agation direction z. For the sake of convenience, let’s
assume that the grating periods in this crystal are linearly
varying, with reversal directions in the adjacent bulks
shown in Figure 1. And the spatial grating vector K(z)
can be expressed by the chirped poled grating periods:

K zð Þ ¼ 2p
K zð Þ ¼ K 0 � fz; ð6Þ

where K0 is selected for the perfect phase matching
determined by the first grating period K0 in the left edge
of the nonlinear crystal. It can be perfectly phase matched
with the incident pump light. The modulation of the grat-
ing periods K(z) for the chirped QPM PPLN crystal is lin-
early varying along the propagation direction. The latter
chirped poled grating periods matches the phases
mismatching of the biphotons generated by SPDC.

As the pump light propagates in the chirped QPM
crystal, the spatial phase /(z) caused by the chirped
QPM with the chirp rate f can be accumulated as follows:

/ zð Þ ¼
Z

fzdz ¼ fz2

2
: ð7Þ

In the three mixed waves process of SPDC, the angular
momentum relation and the phase mismatching relation
can be shown as follows:

xp ¼ xs þ xi; ð8Þ

�k zð Þ ¼ kp � ks � ki �K zð Þ: ð9Þ
Equation (7) is applied to the special case of monochro-
matic pump. And the phase mismatching Dk for the three
waves in equation (8) plays a significant role in the SPDC,
which determines the parametric gain and the efficiency of
the conversion [30]. As we consider the monochromatic
pump could split into two new photons, and the biphotons
can propagate along the nonlinear crystal with the angle of
h relative to the pump photon during the noncollinear
SPDC process. In the case of collinear (h = 0) SPDC, the
biphotons are generated in the same optical mode and sep-
arated by the frequency filter during the propagation
through two independent paths. And in the case of non-
collinear (h 6¼ 0) SPDC, the generated biphotons could pass
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in different optical path by themselves without the help of
frequency filter.

In noncollinear SPDC, the signal and idler photons
propagate through the nonlinear crystal with the angle h
relative to the pump propagation direction. The process
satisfies the energy and momentum conservations. The
phase mismatching Dk in equation (8) can be modified as
follows [25, 31]:

�k zð Þ ¼ kp � ks

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin h

ne xsð Þ
� �2

s
� ki

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin h

ne xið Þ
� �2

s
�K zð Þ; ð10Þ

where kl ¼ nexl

c
(l = p, s, i) represent the wave vectors of

pump, signal and idler photons for extraordinary lights.
The angle h of noncollinear has been demonstrated in
Ref. [25] in theory and verified in experiment with the
range of ±0.25±0.14 degree.

According to equation (1), the general coupling equa-
tions for the three mixed waves can be written as [29]:

dEs

dz
¼ ivEpE�

i e
i kp�kið Þz ; ð11Þ

dE�
i

dz
¼ iv�EpEse

i kp�ksð Þz ; ð12Þ

where v is a three wave coupling constants. According
to equation (10) and equation (11) and the spatial phase
/(z) in equation (6) with quadratic factor, the three
mixed waves equations in the chirped QPM PPLN crystal
can be formed as follows [23]:

oAs

oz
¼ in zð ÞA�

i exp i/ zð Þ þ i�k � z½ �; ð13Þ

@A�
i

@z
¼ �in� zð ÞAs exp �i/ zð Þ � i�k � z½ �; ð14Þ

where n(z) consists of the factors of pump spectral ampli-
tude, nonlinear crystal refractive index, and nonlinear
effective coefficient. It is quite slowly varying as the
changing of the frequency and positions. So n(z) can be
simply regarded as v in equation (11) and equation (12).
The coupling interaction shown in equation (13) is mainly
concerns two factors: the phase mismatching function Dk
and the spatial phase /(z).

According to equation (7), the frequencies of signal and
idler photons can be written as x and xp � x, respectively.
Considering the temperature and angle influence, the form
of the biphotons state function can be expressed as:

W x;T ; hð Þi ¼
Z

dxF x;T ; hð Þ
���� ay xð Þay xp � xð Þ 0ij ;

ð15Þ
where F x;T ; hð Þ is the joint spectral amplitude function.
By integrating over the entire length of the crystal, the
spectrum for this process can be expressed as follows [23]:

F x;T ; hð Þ � exp �i
�k x;T ; hð Þ

2f

� �

� erfi
1þ ið Þ�k x;T ; hð Þ

2
ffiffiffi
f

p
� ��

�erfi
1þ ið Þ �k x;T ; hð Þ þ fL Tð Þð Þ

2
ffiffiffi
f

p
� �	

; ð16Þ

where erfi is an imaginary error function. Nearly all the
spectral/temporal properties are determined by the joint
spectral amplitude function F x;T ; hð Þ. Such as the
squared module F x;T ; hð Þj j2 can be viewed as the spec-
tral function.

2.2 The characteristics of the biphotons and the pulse
compression

In general, the given biphotons with a broad spectrum does
not mean it has a ultrashort temporal width. Caused by
quadratic phase matching, the way of producing the tempo-
ral wave function in QPM is not Fourier transform limited
[32, 33]. However, the converse one is correct. That the
biphotons with shorter temporal width is necessarily mean
it has a broader frequency spectrum [32]. Thus, the chirped
QPM SPDC indicates that biphotons can be generated
with a broad bandwidth and can be compressed into a
shorter temporal pulse with phase compensation. To com-
press the chirped biphotons generated by SPDC, Harris
has proposed a perfect phase compensation method with
Fourier transform limit [23]. And the biphotons with a sin-
gle cycle can be detected by homodyning detection. It is
viewed as an ideal pulse which can be used to probe the
quantum optical properties.

When the pump light is a monochromatic one, accord-
ing to the angular momentum relation shown in equation
(7), we can obtain the count rate (CT) of the entangled
biphotons generated by the chirped QPM PPLN crystal
in noncollinear SPDC as follows:

Fig. 1. Scheme of noncollinear SPDC in chirped QPM PPLN crystal. The directions of arrows in the crystal represent polarized axis
for the QPM PPLN crystal. The pump, signal and idler lights are denoted by p; s; i respectively.
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CT T ; hð Þ ¼
Z

F x;T ; hð Þj j2dx: ð17Þ

Of course, the count rate of biphotons can also be calculated
by the representation of the second-order Glauber intensity
correlation. The bandwidth (BW) of the generated bipho-
tons can be obtained based on the center frequency. We
can calculate the specific spectral bandwidth according to
the following formula:

BW T ; hð Þ ¼

Z
F x;T ; hð Þj j2dx
F xc;T ; hð Þj j2 : ð18Þ

It can be calculated that the bandwidth of the biphotons
generated by SPDC in the chirped QPM PPLN crystal
reaches the THz level.

As the ultrabroad biphotons have be generated in the
chirped QPM PPLN crystal, we would like to quantitative
analysis the correlation of biphotons. In order to compress
the temporal width of the biphotons, we should make the
broadband in frequency domain be transferred into tempo-
ral domain with Fourier transform limit. In Ref. [23], it is
proposed a method that the quadratic mismatching phase
can be compensated by the function shown as [23]:

CF ¼ exp i
�k2

2f

� �
� i ks þ kið ÞL

� �
: ð19Þ

In collinear SPDC, signal and idler photons can be gener-
ated with wider bandwidth. They can be separated by filter
and propagate through their own path in the dispersive
compensation media. With the help of the CF function
shown in equation (18), the signal and idler photons gener-
ated in the chirp QPM in SPDC, could be compensated
when they propagate through their own paths. One channel
is compensated by the dispersion function, the other is mod-
ulated by the experimental time delay. They can simultane-
ously arrive at the ultrafast correlator [34] and generate
sum frequency pulse. It can detect the single cycle bipho-
tons by homodyning detection between the sum frequency
and pump frequency which are equal to each other. But
in the noncollinear SPDC, the filter is no longer needed to
separate the two photons. For there is already an angle

between the two photons propagation paths. However,
Fourier transformation can be used to transform the spec-
tral power of the biphotons into the time domain expres-
sion. And the single cycle biphotons could be detected by
homodyning detection [23].

3 Temperature dependent phase mismatching

For the first order QPM generation in collinear, the temper-
ature shows weakly influence in SPDC (e? e+ e) [29]. The
temperature influence to refractive index can be described
by Sellmeier equation [35–38]. In this equation, the refrac-
tive index for PPLN crystal can be described as follows [36]:

n2 ¼ A1 þ A2 þ B1R

k2 � A3 þ B2Rð Þ2 þ B3R� A4k
2; ð20Þ

where k is the vacuum wavelength in microns and A1, A2,
A3, B1, B2 and B3 are all constants shown in Ref. [35]. R is
a temperature dependent function for lithium niobate,
expressed as R(T) = (T � T0) (T + T0 + 546), where
T0 = 24.5 �C and T is the temperature in centigrade.
For the congruent lithium niobate, the temperature
dependent Sellmeier equation can be reduced by [36]:

n2 ¼ A1 þ A2

k2 � A2
3

� A4k
2. Furthermore, this equation

has been improved by Jundt [37] for congruent lithium
niobite. These improvements for Sellmeier equation help
us make accurate simulation for the refractive index of
PPLN and apply to the chirped QPM SPDC. The adjus-
table refractive index ne for extraordinary photon is
related with the temperature in Sellmeier equation, so
phase-mismatched wave-vector Dk is a temperature
dependent function. The phase matching effect can be
influenced by the refractive index with different
temperatures.

Firstly, it can be seen from equation (15) that the joint
spectral amplitude function is mainly determined by the
phase mismatching function Dk, and is also limited by the
chirp rate f and crystal length L. The frequency response
range is mainly affected by the following equation:

Fig. 2. The �kfL versus temperature and frequency with (a) h ¼ 0:06 deg; (b) h ¼ 0:16 deg.
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�fL � �k � 0: ð21Þ
For comparison the influence of the phase mismatching
function caused by the different angles, Figure 2 shows the
distribution of the phase mismatching function versus the
temperature and frequency with the angle of h = 0.06 deg
and h = 0.16 deg. It can find that when angle is small (e.g.
h = 0.06 deg), the phase mismatching function would show
wide frequency range in –fL � Dk � 0. It also indicates that
the phase matching effect with h = 0.06 deg is better than
that of h = 0.16 deg. It can be viewed as a fundamentally
reason for the relevant conclusions in this paper.

It can be seen from Figure 2 that when the angle h is
small, the frequency response range of the phase matching
function Dk shows wider range satisfying equation (20).
With the increasing of the angle h, the effect of phase
matching gradually decreases. Such as the examples shown
in Figure 2, there are more frequencies near the central fre-
quency xp/2 corresponding to the phase mismatching func-
tion tends to zero with the angle (h = 0.06 deg).

4 Simulation and discussion

The count rate and the bandwidth of the generated
biphotons can be calculated according to equation (16)

and equation (17). As shown in Figure 3a, the count rate
of biphotons generated in noncollinear SPDC with deter-
ministic angle would decrease as the temperature increases.
For different angles, these plot lines are almost parallel to
each other in Figure 3a. Meanwhile, the speed of decreasing
would be quicker as the angle h increases with the same
temperature range. This property is consistent with the
physical expectation that the count rate would be decrease
as the temperature increases in the noncollinear SPDC. A
similar conclusion can be obtained from Figure 3b that
the bandwidth of the biphotons would be narrowed as the
temperature increases in noncollinear SPDC with determin-
istic angle. And the bandwidth of the biphotons would be
obviously narrower as the angle h becomes bigger. We
can find that the plot dots density becomes much thinner
with larger angle in this figure. These two graphs in Figure 3
show similar distributions with the varying of temperature
for the same angles. It is because that they are both deter-
mined by the phase mismatching function Dk.

It can be concluded from the Figures 2 and 3 that the
biphotons with many properties are closely related to the
angle h, and influenced by the temperature. They are
mainly determined by the phase mismatching function
Dk. The smaller angle, and the lower temperature (such
as room temperature) make the phase matching be more
perfect. Here, we set h = 0.06 deg and h = 0.16 deg with

Fig. 3. (a) The count rate and (b) the bandwidth of biphotons versus the temperature for different angles h.

Fig. 4. Normalized sum power and homodyne current detected by homodyning when temperature T ¼ 25 	C with angles (a) h ¼ 0:06
deg and (b) h ¼ 0:16 deg in noncollinear SPDC. And the values shown in the left and right longitudinal axis in each figures are sum
powers and homodyne current, respectively.
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temperature T = 25 �C, and draw the figures of sum power
and homodyne current according to the method shown in
Ref. [25]. As shown in Figure 4, when h= 0.06 deg, the tem-
poral width of sum power is 3.2 fs, and the fluctuation of the
homodyne current is small. When the angle increases, as
shown in Figure 4b, with h = 0.16 deg, the temporal width
is 4.72 fs, and the homodyne current fluctuates more fre-
quently. Hence, the temporal width with h = 0.06 deg is
rather narrower than the one in the case with
h = 0.16 deg, corresponding to 1.75 and 2.67 cycles of the
biphotons, respectively. The smaller h could help to produce
the single cycle biphotons with narrower temporal width
(see Fig. 5a) and less cycles. Figure 5b shows the cycles of
the biphotons versus the temperature at different angles.
It can be found from this figure that the angle is the main
factor for the generation of the biphotons, and the cycles
of the biphotons becomes gradually larger with the increase
of temperature. These characteristics are consistent with
the variation of the count rate, the bandwidth of the bipho-
tons with temperature in Figure 3. They are all determined
by the phase mismatch function Dk.

5 Conclusion

In conclusion, we study on the influence of temperature for
generating single cycle biphotons during the noncollinear
SPDC in the chirped QPM PPLN crystal. In the numerical
simulation of noncollinear SPDC, characteristics of the gen-
erated biphotons are deeply determined by the phase mis-
matching function which is dependent on the angle and
the temperature. And the angle plays a more significant role
in noncollinear SPDC. Within the appropriate ranges of
angle and temperature, the smaller angle and lower temper-
ature could lead the better phase matching effect. Based on
such condition, for a certain appropriate angle in non-
collinear SPDC, the increase of temperature decreases the
count rate of the biphotons and narrows its bandwidth,
meanwhile widens the temporal width. However, as long
as the angle and temperature are suitable, the biphotons
generated by SPDC in the chirped QPM PPLN crystal
are ultrashort pulses with single cycles. We hope that our
work can find the optimal angle and temperature range

for phase matching, so that the generated ultrafast bipho-
tons have a wider spectrum and less cycles. This is of crucial
importance in experiments producing ultrafast biphotons
entangled through SPDC, particularly in PPLN crystals,
where biphoton characteristics can be studied by modifying
temperature and controlling pulse temporal width at the
single cycle level.
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