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generated by type-II SPDC in chirp QPM PPLN
Haibo Lin1⋆,∗∗ and Jinbao Wang1,⋆⋆

1 Institute of Mechanical & Electrical Technology, Taizhou Vocational & Technical College, Taizhou 318000, China

Abstract – We study the temperature-dependent type II spontaneous parametric down-conversion (SPDC)
in the linearly chirped quasi-phase-matching (QPM) periodically poled lithium niobate (PPLN) crystal.
The SPDC process can generate the biphotons with the single-cycle level. It shows that the chirp rate of
the poled grating periods is the main influence factor for the phase matching function, frequency response
range, Fedorov parameter and the count rate of the biphotons. Meanwhile, the temperature plays an
important role for the type of e → o + e, the higher temperature makes the frequency response range be
wider, Fedorov parameter and count rate be higher. Meanwhile, the appropriate chirp rate and temperature
can help the type II SPDC generate the single cycle biphotons in chirp QPM PPLN.
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1. Introduction1

In recent decades, it has been aroused widespread in-2
terest in the generation of ultrashort pulse with single-3
or even sub-cycle level[1, 2, 3, 4, 5, 6]. It has deep4
development in THz, visible and extreme ultraviolet5
range[7, 8, 9], including the theoretical and experi-6
mental researches about the generation of ultrashort7
pulse[10, 11, 12]. Among these methods about the gen-8
eration of ultrashort pulse, the way of generation for9
biphotons by the spontaneous parametric down conver-10
sion (SPDC) could reach the narrower temporal width11
within single level[13, 14, 15]. Meanwhile, the ultrashort12
biphotons could show some special characteristics such13
as entanglement, which is widely applied in quantum14
information[16, 17, 18, 19].15

The biphotons, generated by SPDC, could show high16
entanglement degree and ultrashort temporal width with17
single cycle level. However, the conversion efficiency of18
pump photon converting to signal and idler photons is19
quite low. It means that it cannot effectively rise the count20
rate of biphotons without any help. Hence, researchers de-21
signed these certain specific crystals with period poling22
structure, named as quasi-phase-matching (QPM). The23
QPM structure is designed with opposite poled direction24
which can periodically increase the conversion efficiency,25
and widen the frequency response range. Among these26
crystals, the one that is most widely used is the periodi-27
cally poled lithium niobate (PPLN)[20].28
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Futherly, the wavelength and the bandwidth limita-29
tions inherent in natural phase matching has been bro-30
ken caused by QPM which can be artificially controlled31
by the nonlinear polarization distribution within crystal.32
Harris proposed the PPLN crystal with the chirped QPM33
structure in SPDC[21]. In this millimeter-scale crystals,34
the nonlinear grating with linearly varying spatial fre-35
quencies, which help to achieve broadband phase. And36
the chirped QPM can further modulate with the linear37
or nonlinear polarization period along the propagation38
direction and it can make the wide frequency range sat-39
isfy the QPM condition at distinct positions in the non-40
linear crystal[22, 21, 23]. It provides a novel approach41
for the generation of ultra broadband biphotons[24, 25,42
26, 27, 28, 29]. Compared to type I SPDC[30, 31], the43
type II makes the signal and idler photons can be sepa-44
rated by birefringence. It can show more advantageous for45
the characterization and manipulation of quantum entan-46
glement for the characteristic of influent frequency-non-47
degeneracy. Research indicates that the chirped QPM in48
type II SPDC can generate the ultra broadband bipho-49
tons with bandwidth of 300nm[3] and the FWHM of the50
HOM interference can be compressed to 7.1fs[24], which51
is helpful for the foundation of the single-cycle biphotons52
pulse.53

Ref.[32] studied the single-cycle biphotons generated54
in chirp QPM PPKTP crystal, the joint spectral ampli-55
tude distributions are different between the PPKTP and56
PPLN crystals. Ref.[33] studied the biphotons generated57
through the nonlinear SPDC in chirp QPM PPLN crys-58
tal, suitable temperature angle may make the generated59
biphotons with wider frequency range. When considering60
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Figure 1. The Type II SPDC in the chirped QPM PPLN
crystal

the temperature factor, Ref.[31] pay the attention on the61
noncollinear SPDC in type I, the suitable temperature is62
in the range of 0◦C − 200◦C. The angle of the nonlinear63
is also should be suitable(about θ = 0.06).64

In this paper, we consider the biphotons generated65
through temperature dependent type II SPDC, to re-66
search how does the temperature influence the frequence67
response range, the Fedorov parameter, and the temporal68
width of the biphotons.69

2. Theoretical Model70

2.1. SPDC in a linearly chirped PPLN crystal71

The monochromatic pump light with wavelength λp =72
0.42µm incidents into the chirp QPM PPLN crystal with73
its length L = 2cm[21]. As shown in fig 1, the interaction74
between the pump light and the crystal would make the75
pump light split into two photons simultaneously, named76
signal and idler with lower frequencies ωs and ωi, respec-77
tively. And their phase mismatching can be shown as fol-78
lowing:79

∆k(ω, z) = k(ωp)− k(ω)− k(ωp − ω)−K(z), (1)

Here, ω is the signal frequency and ωp −ω is the idler80
frequency for the reason of energy conservation that the81
sum of signal and idler frequency equals pump frequency:82
ωp = ωs +ωi. This law makes the biphotons generated in83
the nonlinear PPLN crystal show their entanglements. In84
this process, the wave number vector k = nω/c, where n85
is the refractive index for the PPLN crystal and c is the86
light speed in vacuum.87

For the chirp QPM PPLN crystal, the poled grating88
periods Λn would be varying along the propagating di-89
rection, which can match the three photons wavelengths’90
phase mismatching. For simplicity, and to make more91
phase mismatching can be compensated, the poled grat-92
ing periods can be designed with linearly chirped, which93
can be expressed as,94

Λn(z) = Λ0 + ξz (2)

where the ξ is viewed as the chirp rate for the poled95
grating periods, and Λ0 is the first poled grating period96
for compensating the phase mismatching in the incident97
crystal. Then, the pump photon propagates along the axis98
of the nonlinear and split into two photons whose phases99
mismatched and can be compensated by the chirp poling100
period gratings and make the frequency response range101
(FRR) be wider. According to K0 = 2π

Λ0
, hence K(z) in102

Eq.(3) can be expressed as:103

K(z) =
2π

Λ(z)
= K0 − ζz (3)

Here, for simplicity, the chirped rate can be designed104
as linear(as shown in fig 1). And Eq.(3) can be rewrite as105
ζz, and ζ denotes the phase compensation chirped rate106
in the phase mismatching function. Compared with the107
poling grating periods chirp rate ξ, ζ plays a more sig-108
nificant and direct role in SPDC. Hence, let K(z) = ζz,109
and phase mismatching function ∆k(z) in Eq.(1) can be110
expressed as follows[21]:111

∆k(ω) = k(ωp)− k(ω)− k(ωp − ω)−K0 (4)

This equation shows the phase compensation rela-112
tion between the intrinsic vector mismatching with the113
chirped QPM poled grating periods K(z) [23].114

The compensation for the phase mismatching function115
can make the more frequencies take part in parametric116
down-conversion process. Hence the adjust and control117
for the phase mismatching function is very important for118
SPDC. And there are many methods for adjust and con-119
trol, including designing crystal structure, different fre-120
quency spectra, different kinds of crystals, etc.121

2.2. Temperature dependence of Type II SPDC122

According to thermal expansion and cold contraction,123
the lenghth of the nonlinear crystal would be affected by124
the varying of temperature. The lenghth of PPLN crystal125
can be expressed as[34]:126

L(T ) = L0[1 + α(T )(T − T0)] (5)

where L0 is the crystal length with T0 = 25◦C, and127
α(T ) is the thermal expansion coefficient. Compared with128
the whole crystal length, the poled grating periods Λj(T )129
would also be influenced by the temperature according to130
Eq.(5). Hence, the sum of all the poled grating periods131
ΣΛj(T ) is equal to the whole PPLN crystal length L(T ).132
Based on the same expansion coefficient shown in Eq.(5),133
the temperature dependent chirp rate ζ(T ) can be simply134
described as ζ without temperature.135

To deeply understanding the temperature influence136
for the biphotons generated in type II SPDC, the re-137
fractive index function in wave number vector is asso-138
ciated with the temperature and can be expressed as139
follows[35, 36]:140

n(λ, T ) =

√
A1 +

A2 +B1R(T )

λ2 − [A3 +B2R(T )]2
+B3R(T )−A4λ2,

(6)
where λ is the wavelength of the light in microns. The141

temperature-dependent function R(T ) = (T − 24.5)(T +142
570.5) [35]. And the unit of temperature T is degree143
Celsius. The values of A1, A2, A3, A4, B1, B2 and B3 are144
the constants shown in Ref. [35]. Hence, the temperature145
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dependent phase mismatching function can be expressed146
as:147

∆k(ω, z, T ) = k(ωp, T )−k(ω, T )−k(ωp−ω, T )−K(z, T ),
(7)

where K(z, T ) = 2π
Λ0(T ) + ζ(T )z, and ζ(T ) is148

temperature-dependent chirp rate. According to the ther-149
mal expansion and contraction of the nonlinear crystal,150
the length of crystal would be longer as the higher tem-151
perature. Meanwhile, the pole grating periods would be152
wider. They have the same thermal expansion coefficient,153
so the increase in their length is also the same as the154
temperature rises. It means that the chirp rate remains155
constant regardless of changes in temperature. And when156
z = 0, the initial phase mismatching function which157
stands for the left side of nonlinear can be defined as:158

∆k0(ω, T ) = ∆k(ω, z = 0, T ) (8)

2.3. Biphoton State in Chirp QPM PPLN159

Under the regulation of the initial phase mismatch-160
ing function, combined with SPDC in nonlinear crystals,161
the three wave mixed function of the biphotons can be162
expressed as:163

|Ψ(T )⟩ =
∫

dωF (ω, T )a†(ω)a†(ωp − ω)|0⟩ (9)

Here, the unnormalized joint spectral amplitude func-164
tion F (ω, T ) can be expressed in terms of imaginary error165
functions erfi(x) [21]:166

F (ω, T ) = exp

[
−i∆k0(ω, T )

2

2ζ

]
×{

erfi
[
(1 + i)∆k0(ω, T )

2
√
ζ

]
−

erfi
[
(1 + i)[∆k0(ω, T ) + ζL(T )]

2
√
ζ

]}
(10)

The joint spectral amplitude function of the biphotons167
generated in the chirped QPM including the quadratic168
phase factor. And the ultra broadband spectrum pulse169
cannot be effectively compressed into an ultrashort pulse170
for this quadratic phase. Hence, for the effectively com-171
pression of the pulse, the quadratic phase factor of the172
joint spectral amplitude function can be compensated ac-173
cording to the method in Ref.[21], and the compensation174
function can be shown as:175

FC(ω, T ) =

exp

{
i
∆k0(ω, T )

2

2ζ
− i [k(ω, T ) + k(ωp − ω, T )]L(T )

}
,

(11)

Then, the generated signal and idler photons, can176
propagate the dispersive and delay medium, respec-177
tively. They can simultaneously arrive at the ultrafast178

（b）（a） （c）

Figure 2. The initial phase mismatch function ∆k0
within the range of −ζL ≤ ∆k0 ≤ 0 versus the fre-
quency and temperature of type A (o → o + e) with
(a). ζ = 5mm−2; and type B (e → o + e) with (b).
ζ = 0.5mm−2; (c). ζ = 50mm−2

correlator[37], and generate the sum frequency photon179
with frequency ωsum which is equal with the frequency of180
pump photon. And the ultrashort pulse with single cycle181
can also be detected by homodyne detection between the182
two photons[21].183

3. Analysis and Discussion184

As discussed in above, fig 2 shows the relationship185
between the frequency response range of initial phase186
matching function ∆k0(ω, z = 0, T ) and temperature T in187
type II SPDC. To achieve the phase compensation effect,188
∆k should be in the range of −ζL ≤ ∆k ≤ 0.189

In this paper, for the type II SPDC, we define o → o+e190
and e → o+ e as type A and type B, respectively. Here, o191
and e represent the polarization of ordinary and extraor-192
dinary lights, respectively. The initial phase mismatching193
function ∆k0 versus frequency and temperature can be194
shown as fig 2. In this figure, it can be observed that the195
structures of phase mismatching function for type A and196
type B are asymmetric about ω = ωp/2. It is essential197
different with type 0 and type I SPDC. The reason is198
that they are different types for SPDC. The photons can199
be changed from one polarization state to another, and200
the generated photons are different polarizations. Hence,201
their phase mismatching functions are asymmetric about202
ω = ωp/2.203

By comparison, for type A, the temperature influ-204
ence is weak for the FRR in the range of ω > ωp/2.205
The main influence for the part is the chirp rate ζ. The206
higher chirp rate, the wider FRR. However, in the range207
of ω < ωp/2, there would no frequency response range208
until the temperature T > 250◦C. And the roughness209
would be thicker as the chirp rate ζ be higher. There is210
no any frequency response range near ω = ωp/2, which is211
essential different with type B. In type B, the frequency212
range is mainly around ω = ωp/2. And for the small chirp213
rate ζ = 5mm−2, the frequency response range would214
emerge only within the temperature T > 450◦C. And the215
structure of frequency response range is an asymmetric216
parabolic-like shape. The higher chirp rate would make217
the structure of frequency range be wilder, like the trunk218
of a big tree.(see fig 2 (c)).219
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Figure 3. The Fedorov parameter(FP) in type A and
type B versus the temperature

Hence, the larger chirp would essentially widen the220
frequency response range of phase mismatching function221
both of type A and type B. It is similar to the situa-222
tion of type 0 and type I SPDC. The higher chirp rate223
would effectively widen FRR in type 0 ( o → o + o and224
e → e + e ) and type I (o → e + e and e → o + o).225
The relationship of three waves’ polarizations determine226
many characteristics, such as FRR, symmetry character-227
istics. The higher symmetry and the larger chirp rate ζ,228
the wider FRR. However, the temperature of nonlinear229
PPLN crystal plays weaker role for biphotons generated230
in SPDC.231

The entanglement of biphotons is determined by the232
frequency response range of the phase mismatching func-233
tion, the nonlinear crystal temperature and the crystal234
type. And the Fedorov Parameter (FP), which represents235
the entanglement degree, is determined by frequency re-236
sponse width and the pump light’s bandwidth[21]. Hence,237
the larger chirp rate ζ can effectively rise the FP value,238
such as shown in fig 3. When ζ = 50mm−2, the FP value239
are larger then 105. However, the FP value much less240
when ζ = 0.5mm−2 or 5mm−2. It can be observed that241
the temperature’s influence is very weak for type A, the242
line is almost horizontal. However, the temperature’s in-243
fluence is obvious for type B. The FP would reach the244
highest value within the same temperature for different245
chirp rates. These points match with the lowest point of246
listric surfaces in fig 2(b) and (c). The frequency response247
range would extend towards the lower temperature in dif-248
ferent chirp rates, not higher temperature. Hence the low-249
est points of FRR within the same temperature. When250
ζ = 0.5mm−2, the temperature would not influence the251
FP until T > 450◦C in type B. Then, the FP value would252
be larger and larger as the temperature be higher. Until253
T = 547◦C, the FP value would be highest. After that,254
the temperature becomes higher, the FP value would be255
smaller. This matches with the features shown in fig 2(b),256

Figure 4. (a) The count rate and (b) the bandwidth for
the biphotons versus the temperature of type A and type
B in the chirp QPM PPLN during type II SPDC.

Figure 5. The sum power and homodyne current of the
biphotons detected by homodyning with the temperature
T = 547◦C of type A and type B during type II SPDC.

the two mutually confirm each other. When ζ = 50mm−2,257
the FP value of type B would increase linearly with the258
rise in temperature, and would reach the highest with259
T = 547◦C. Then the FP value would decrease rapidly260
as the temperature rises. This matches with the feature261
shown in fig 2(c).262

As the discussion shown above, the FRR of type A and263
type B SPDC and the FP value are mainly determined by264
the factor of the chirp rate for the QPM. The FP value is265
small within small chirp rate ζ. Hence, we discuss the case266
of ζ = 50mm−2, the FRR of ∆k0 can be shown in fig 2(c)267
and the FP versus temperature shown in fig 3. The count268
rate and the bandwidth of entangled biphotons generated269
through SPDC influenced by the temperature is shown270
in fig 4. In this figure, the temperature’s influence is very271
weak for count rate and bandwidth of biphotons in type272
A.273

However, in type B, the higher temperature can ef-274
fectively rise the count rate and the bandwidth of the275
entanglement biphotons. They wouldn’t be the highest276
until the temperature T = 547◦C. Then, with the higher277
temperature, the count rate and bandwidth of biphotons278
would decrease. This matches with the FP versus tem-279
perature in type B within chirp rate ζ = 50mm−2 shown280
in fig 3. And also in the fig 2(c).281

With the help of the method proposed in Ref.[21],282
the entangled signal and idler photons generated through283
SPDC would propagate dispersive and delay medium,284
respectively, and can arrival at the ultrafast correlator285
simultaneously[37]. They can generate a new photon with286
their sum frequency (ωsum), which is the same with pump287
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photon frequency ωp. Hence, for both of them, they can288
be detected by the homodyne detection and can generate289
the ultrashort biphotons with single cycle. When chirp290
rate ζ = 50mm−2, temperature T = 547◦C, the type II291
SPDC in the chirped QPM PPLN crystal, the sum power292
and homodyne current of biphotons in type A and type B293
can be shown in fig 5. By comparison, the temporal width294
of the ultrashort biphotons generated in both types can295
be shorter than 10fs. Especially in type B, the temporal296
width of the ultrashort biphotons reaches 5fs, with the297
single cycle level as predicted in Ref.[21]298

4. Conclusion299

We investigated the temperature dependent process of300
type II SPDC, which can generate the single cycle bipho-301
tons in the chirp QPM PPLN crystal. For both of type302
II SPDC (o → o + e and e → o + e), the characteristics303
of biphotons would be influenced by many factors, such304
as the chirp rates and the temperature of the crystal.305
The appropriate temperature would make the frequency306
response range be wider and the FP be higher, and the307
generated biphotons can reach the single cycle level.308
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a moiré interferometer, Optics Communications, 277,472
14(2007). https://www.sciencedirect.com/science/article/473
pii/S0030401807004506474

37. Pe’er A, et al, Temporal Shaping of Entangled Photons,475
Phys. Rev. Lett., 94, 073601 (2005). https://link.aps.org/476
doi/10.1103/PhysRevLett.94.073601477

Appendix478

This is Appendix text here.479

6

https://link.aps.org/doi/10.1103/PhysRevA.92.023812
https://link.aps.org/doi/10.1103/PhysRevA.92.023812
https://link.aps.org/doi/10.1103/PhysRevA.92.023812
https://link.aps.org/doi/10.1103/PhysRevA.69.052117
https://link.aps.org/doi/10.1103/PhysRevA.69.052117
https://link.aps.org/doi/10.1103/PhysRevA.69.052117
https://link.aps.org/doi/10.1103/PhysRevLett.99.063901
https://link.aps.org/doi/10.1103/PhysRevLett.99.063901
https://link.aps.org/doi/10.1103/PhysRevLett.99.063901
https://opg.optica.org/oe/abstract.cfm?URI=oe-20-23-25228
https://opg.optica.org/oe/abstract.cfm?URI=oe-20-23-25228
https://opg.optica.org/oe/abstract.cfm?URI=oe-20-23-25228
https://link.aps.org/doi/10.1103/PhysRevA.101.053843
https://link.aps.org/doi/10.1103/PhysRevA.101.053843
https://link.aps.org/doi/10.1103/PhysRevA.101.053843
https://opg.optica.org/josab/abstract.cfm?URI=josab-12-11-2102
https://opg.optica.org/josab/abstract.cfm?URI=josab-12-11-2102
https://opg.optica.org/josab/abstract.cfm?URI=josab-12-11-2102
https://link.aps.org/doi/10.1103/PhysRevLett.98.063602
https://link.aps.org/doi/10.1103/PhysRevLett.98.063602
https://link.aps.org/doi/10.1103/PhysRevLett.98.063602
https://opg.optica.org/ol/abstract.cfm?URI=ol-22-12-865
https://opg.optica.org/ol/abstract.cfm?URI=ol-22-12-865
https://opg.optica.org/ol/abstract.cfm?URI=ol-22-12-865
https://opg.optica.org/josab/abstract.cfm?URI=josab-25-4-463
https://opg.optica.org/josab/abstract.cfm?URI=josab-25-4-463
https://opg.optica.org/josab/abstract.cfm?URI=josab-25-4-463
https://link.aps.org/doi/10.1103/PhysRevLett.100.183601
https://link.aps.org/doi/10.1103/PhysRevLett.100.183601
https://link.aps.org/doi/10.1103/PhysRevLett.100.183601
https://link.aps.org/doi/10.1103/PhysRevA.81.053828
https://link.aps.org/doi/10.1103/PhysRevA.81.053828
https://link.aps.org/doi/10.1103/PhysRevA.81.053828
https://link.aps.org/doi/10.1103/PhysRevLett.104.253602
https://link.aps.org/doi/10.1103/PhysRevLett.104.253602
https://link.aps.org/doi/10.1103/PhysRevLett.104.253602
https://link.aps.org/doi/10.1103/PhysRevA.88.033806
https://link.aps.org/doi/10.1103/PhysRevA.88.033806
https://link.aps.org/doi/10.1103/PhysRevA.88.033806
https://link.aps.org/doi/10.1103/PhysRevA.91.023827
https://link.aps.org/doi/10.1103/PhysRevA.91.023827
https://link.aps.org/doi/10.1103/PhysRevA.91.023827
https://link.aps.org/doi/10.1103/PhysRevA.95.033837
https://link.aps.org/doi/10.1103/PhysRevA.95.033837
https://link.aps.org/doi/10.1103/PhysRevA.95.033837
https://opg.optica.org/oe/abstract.cfm?URI=oe-24-3-2712
https://opg.optica.org/oe/abstract.cfm?URI=oe-24-3-2712
https://opg.optica.org/oe/abstract.cfm?URI=oe-24-3-2712
https://doi.org/10.1051/jeos/2025033
https://doi.org/10.1142/S0218863524500061
https://doi.org/10.1051/jeos/2024004
https://doi.org/10.1051/jeos/2024004
https://doi.org/10.1051/jeos/2024004
https://doi.org/10.1016/j.optcom.2007.04.045.
https://doi.org/10.1016/j.optcom.2007.04.045.
https://doi.org/10.1016/j.optcom.2007.04.045.
https://doi.org/10.1007/BF00620081
https://doi.org/10.1007/BF00620081
https://doi.org/10.1007/BF00620081
https://www.sciencedirect.com/science/article/pii/S0030401807004506
https://www.sciencedirect.com/science/article/pii/S0030401807004506
https://www.sciencedirect.com/science/article/pii/S0030401807004506
https://link.aps.org/doi/10.1103/PhysRevLett.94.073601
https://link.aps.org/doi/10.1103/PhysRevLett.94.073601
https://link.aps.org/doi/10.1103/PhysRevLett.94.073601

	Introduction
	Theoretical Model
	SPDC in a linearly chirped PPLN crystal
	Temperature dependence of Type II SPDC
	Biphoton State in Chirp QPM PPLN

	Analysis and Discussion
	Conclusion

