
Phase matching angle

The physical essence of phase matching is to make 
the frequency doubled light excited by the fundamen-
tal frequency light at each point along the crystal have 
the same phase when propagating to the emitting 
surface, so that they can interfere with each other and 
enhance each other, so as to achieve a good frequen-
cy doubling effect.

1. Phase matching

2. Constraints of phase matching

In order to realize the effective conversion of nonlinear 
wavelength, it is necessary to meet the conservation 
of photon energy and photon momentum at the same 
time in the process of nonlinear optics. Photon 
momentum conservation ∆K = k3-k1-k2 = 0, which is 
called the constraint of "phase matching".

There are four classification criteria for phase match-
ing:
(1) The polarization state of illumination light wave can
be divided into type I matching and type II matching. If
the polarization states of two low-frequency lights are
the same, it is type I matching; if the polarization
states of two low-frequency lights are orthogonal, it is
type II matching;
(2) According to the direction of light wave, phase
matching can be divided into collinear and non collin-
ear structures;
(3) the phase matching types of nonlinear uniaxial
crystals can be divided into six types:
Negative uniaxial crystal (no > ne):

type I(-) ko1+ko2=ke3(�) 4 <ooe=
type II(-) ke1(�)+ko2=ke3(�) 4 <eoe=
type II(-) ko1+ke2(�)=ke3(�) 4 <oee=

Positive uniaxial crystal (ne > no):
type I(+) ke1(�)+ke2(�)=ko3 — “eeo”
type II(+) ko1(�)+ke2(�)=ko3 — “oeo”

3. Classification of phase matching

Fig. 1 Collinear or scalar (a) and non collinear or 
vector (b) three wave interaction phase matching

type II(+) ke1(�)+ko2=ko3 — “eoo”
(Note: k-wave propagation vector (k = 2Ãn/�); In crys-
tal � Phase matching angle; o ordinary polarization, e 
extraordinary polarization; The indexes of 1, 2 and 3 
correspond to the wave vector with the longest (1), 
middle (2) and shortest (3) wavelength)
(4) In biaxial crystals, only three general types of
phase matching occur: ss-f, sf-f and fs-f (the third
index corresponds to a higher frequency �3) ; We mark
ss-f case as type I phase matching and sf-f or fs-f case
as type II phase matching.

Fig. 2 Relationship between refractive index and light 
propagation direction and polarization (refractive 

index plane) in negative (a) and positive (b) uniaxial 
crystals
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Phase matching methods mainly include birefrin-
gence phase matching (BPM) and quasi phase 
matching (QPM), but BPM method has some defor-
mation methods. Here we mainly talk about critical 
phase matching and noncritical phase matching. 
These four methods are briefly introduced below:
BPM is a method to realize the phase matching of 
nonlinear process by using the birefringence charac-
teristics of nonlinear crystals. For type I phase match-
ing, the signal and idle frequency (or two input waves 
generating frequency doubling or sum frequency) 
have the same polarization; For type II phase match-
ing, these waves have orthogonal polarization states.
QPM is a method similar to the phase matching result 
of nonlinear interaction, especially based on X(2) non-
linear frequency conversion. The uniform nonlinear 
crystal material is replaced by the material with spatial 
modulation nonlinearity. The essence of the method is 
to allow the phase mismatch at some propagation 
distances, but reverse (or destroy) the nonlinear inter-
action at some positions, otherwise the interaction will 
occur in the wrong conversion direction.
Critical phase matching, also known as angle phase 
matching, is a method of phase matching for some 
nonlinear processes (usually nonlinear frequency 
conversion) in birefringent crystals. The interacting 
beam forms a certain angle with the axis of the refrac-
tive index ellipsoid. In almost all cases, one or two 
waves are linearly polarized along one axis of the 
refractive index ellipsoid (ordinary beam), while the 
other or two waves are polarized at a variable angle 
on the plane across the other two axes (special 
beam). The adjustment of propagation angle will 
affect the refractive index of abnormal beam (called 
abnormal refractive index), while the refractive index 
of ordinary beam remains unchanged. For some 
angular positions, phase matching can be realized, 
that is, the phase mismatch disappears.
Noncritical phase matching, sometimes referred to 
as temperature phase matching or 90° phase match-
ing, is a method of phase matching for nonlinear 
processes (usually nonlinear frequency conversion, 
such as frequency doubling or parametric amplifica-

4. Phase matching method
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tion). The interacting beams are arranged in a row so 
that they propagate along an axis of the nonlinear 
birefringent crystal. The phase mismatch is minimized 
by adjusting the crystal temperature.

5. Phase matching angle

In order to realize the effective conversion of nonlinear 
wavelength, it is necessary to meet the conservation 
of photon energy and photon momentum at the same 
time in the process of nonlinear optics. Photon 
momentum conservation ∆K = k3-k1-k2 = 0, which is 
called the constraint of "phase matching".

The principal axis of uniaxial crystal can be arbitrarily 
selected perpendicular to the XY plane. For conve-
nience, select the Y-axis direction so that the given 
wave normal direction is located in the YOZ plane, the 
Z-axis is the optical axis direction, and K is the propa-
gation vector under the condition of phase matching,
so that the fundamental frequency light is o light and
the frequency doubled light is e light, � is the angle
between the wave vector K and the Z-axis, � is the
angle between the projection of the wave vector K on
the XOY plane and the X-axis.

6. Coordinate system for calculating uniaxial

phase matching angle

Fig. 3 Unxiaxial crystal coordinate system



The dispersion characteristics of uniaxial nonlinear 
crystals are determined only by angle � decision. 
Therefore, to find the phase matching direction in 
uniaxial crystal, we only need to determine the corre-
sponding phase matching angle under the three wave 
interaction �pm. Table 1 shows the exact analytical 
expression of �pm

ooe，�pm
oeo and �pm

eoo, as well as the
approximate expression of �pm

eoe，�pm
oee and �pm

eeo,(mea-
surement accuracy: 0.1°-0.2° ).
Phase matching is independent of azimuth ×, that is,
at the vertex angle 2�pm is realized on the conical
surface. At the same time, the efficiency of nonlinear 
conversion process is determined by �pm and ×.
The expression in figure 4 can be extended to non 
collinear phase matching.

7. Calculate uniaxial phase matching angle

In the above, we have introduced the concept of 
phase matching angle. Phase matching angle refers 
to the angle between the fundamental frequency light 
in the crystal and the Z direction of the crystal optical 
axis, rather than the angle with the normal of the 
incident plane. In order to reduce reflection loss and 
facilitate adjustment, the fundamental frequency light 
is generally expected to be incident on the crystal 
surface in the experiment, as shown in the figure 
below. Therefore, when processing frequency dou-
bling crystal, the crystal must be cut in a certain direc-
tion to make the normal direction of the crystal and the 
direction of the optical axis �m. It should be noted here 
that the phase matching angle of the crystal must be 
selected, for some crystals, its phase matching angle 
is not unique. Take KDP crystal as an example. KDP 
crystal is a negative uniaxial crystal, which interacts 
with class I matched o + o → e and class II matched o 
+ e → e. The phase matching angles corresponding to
the two matching methods are �m = 41.2 ° and �

m=59.1°.

9. How to process accurate material phase match-

ing angle？

Fig. 6 Cutting of nonlinear crystals

8. Phase matching angles of several common

crystals

The phase matching angles of some common crystals 
(Table 1) and class I phase matching angle curve of 
BBO (Fig. 5) are given here

Table 1 Phase matching angle

crystal /µm no ne m

lithium 

niobate 

1.06 2.321 2.150 
87° 

0.53 2.320 2.230 

Lithium iodate 
1.06 1.860 1.719 

29°30
0.53 1.901 1.750 

DKDP 
1.06 1.495 1.455 

30°57
0.53 1.507 1.467 

BBO 
1.06 1.543 1.655 22°47

0.53 1.556 1.674 47°38

Fig. 4 Formula for calculating phase matching angle 
in uniaxial crystal

Fig. 5 BBO (o + o → e) phase matching angle curve
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As mentioned above, the phase matching angle of 
some crystals is not unique. In this case, how can we 
choose the appropriate phase matching angle? We 
usually choose the appropriate material and phase 
matching angle according to the tuning range, gain 
bandwidth, conversion efficiency, effective nonlinear 
coefficient and other parameters. Briefly cite KDP and 
BBO to illustrate. As mentioned above, the phase 
matching angle corresponding to different interactions 
of KDP is different. Generally, class II matched phase 
matching angle will be selected in application, 
because the class I effective nonlinear coefficient 
dI

eff=0.3pm/V (×=45°) of KDP is less than class II effec-
tive nonlinear coefficient dII

eff=0.4pm/V(×=0). Class I 
phase matching of BBO is widely used in optical para-
metric chirped pulse amplification (OPCPA) because 
of its wide tuning range, wide gain bandwidth and high 
conversion efficiency, class II phase matched narrow 
bandwidth laser can meet the needs of tunable 
narrow-band laser light source for spectral measure-
ment devices in the fields of chemistry, agriculture, 
medicine, telecommunications and so on. 

10. How do users match the application require-

ments and select the appropriate phase match-

ing angle of materials?
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