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Abstract
A chromatic dispersion-free diffraction-grating single-shot autocorrelator (grating-SSA) is proposed. The grating-SSA is 
described theoretically, and its performance is experimentally characterized. The results demonstrate that the SSA meas-
urement range can be expanded as expected, and the measurement accuracy is the same as that of a conventional SSA. The 
measurement range of an optimized design can be expanded to almost three times as wide as that of the same size BBO-based 
conventional SSA, achieving a 100 ps measurement range for an 30 mm diameter non-linear crystal.

1  Introduction

Ultrafast lasers have been widely applied in recent years. 
Two of the most important parameters of ultrafast lasers are 
pulse-width and pulse contrast. Short pulse cannot be meas-
ured directly, unlike long pulses, which can be measured by 
oscilloscope or streak-camera. Oscilloscopes only yield the 
intensity and do not provide any information on the phase 
of the pulse. Thus, various indirect measurement methods 
have been proposed over the past few decades, such as the 
autocorrelator, frequency-resolved optical gating (FROG), 
spectral phase interferometry for direct electric field recon-
struction (SPIDER), etc. [1–11]. Autocorrelators can only 
provide some information on the approximate temporal 
intensity, however, pulse measurement techniques such as 
FROG and SPIDER yield full temporal information of the 
field i.e. the intensity and phase. Generally, these methods 
employ non-linear crystals to generate indirect signals, thus, 
the measurement range is limited by crystal size and single 
shot measurement configuration. Considering the single shot 
autocorrelator (SSA) for example, the measurement range is 
Dsin�/2c, where D is the diameter of crystal, � is the angle 
between the two arms, and c is the speed of light in vacuum. 
To increase the measurement range of SSAs, Saltiel and 
Stankov [12] proposed a diffraction grating autocorrelator, 

and a similar scheme has been applied in FROG [13, 14].
However, the grating dispersion induces measurement error, 
limiting applicability to wavelength ranges narrow enough 
to meet the measurement accuracy requirements [15–17].

2 � Chromatic dispersion compensation 
for tilted pulse front

Figure 1 shows the layout of a type of chromatic dispersion 
compensator for a tilted pulse front. The first-order diffracted 
light of a short pulse from a reflection grating (referred to as 
Grating-1) is transmitted to an Offner triplet, and the output 
beam, referred to as the pre-compensation beam here, is dif-
fracted again by the same grating. The first-order diffraction 
beam, with chromatic dispersion both parallel and orthogo-
nal to the propagation axis, is diffracted by a second grating 
(referred to as Grating-2), which is parallel to Grating-1. The 
first-order diffraction light of the pre-compensation beam 
from Grating-2 is transmitted to a special working plane, at 
which the beam has neither temporal or spatial chromatic 
dispersion. The working plane must be parallel to Grating-2, 
and the distance between Grating-2 and the working plane 
should be twice the distance between Grating-1 and the co-
center of the Offner triplet. Suppose the size of the beam 
incident on Grating-1 is small enough to be considered as 
a line, that includes rays of all the wavelengths of the short 
pulse, and the first order diffraction ray of wavelength �0 is 
perpendicular to the surface of Grating-1. The rays will be 
incident on the Grating-1 again after the Offner triplet, and 
the position of each ray (wavelength � ) will be dispersed 
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because of the dispersion of the grating. The dispersion can 
be written as [18]:

where �y is the laser ray location on Grating-1 between 
wavelength � and �0 , l is the distance between Grating-1 and 
the co-center of the Offner triplet, d1 is the grating constant 
of Grating-1, �(� ) is the diffraction angle of the incident 
beam for Grating-1, which can be written as:

where � is the angle of incidence of the short pulse on 
Grating-1, and it is also the angle of incidence of the pre-
compensation beam on Grating-2. Defining new coordinates 
(Cartesian), the origin of which is located at the point where 
the ray �0 meets Grating-2, the function of the first-order 
diffraction rays of the pre-compensation beam can be writ-
ten as:

where ���(�) is the diffraction angle difference between 
wavelength � and �0 , and ��(�) is the diffraction angle of 
the incident beam for Grating-2, , which can be written as:

where d2 is the grating constant of Grating-2. Suppose 
d2 = d1 = d , from Eqs. (2) to (4):

where �� = � − �0 . From Eqs. (1) and (5):

Each of the rays will pass through the working point ( −2l,0), 
thus, the spatial dispersion has been reduced. As the distance 
between the working point and Grating-2 equals the distance 
between Grating-1 and the Grating-1 image, and the parallel 
pair of gratings do not introduce additional optical path aber-
ration, according to Fermat’s principle, there is no temporal 
dispersion at the working point.

As shown in Fig. 2, placing a nonlinear crystal at the 
working point, the pulse-front will be tilted by Grating-2 
without temporal dispersion or spatial dispersion. This is 

(1)�y∕�� = 2l∕[d1 cos
3 �(�)],

(2)�(�) = arcsin(�∕d1 − sin �),

(3)y = �y + tan[(���(�))]x,

(4)��(�) = arcsin(�∕d2 − sin �),

(5)tan(���) = tan(��) = ��∕[d cos3 �]

(6)y = (2l + x)��∕[d cos3 �].

useful for the SSA, or can be used in FROG, as well as in 
single shot pulse contrast measurements.

3 � Performance of the chromatic 
dispersion‑free grating‑SSA

An experiment was conducted to compare the performance 
of the chromatic-dispersion-free grating-SSA with a con-
ventional SSA, the configuration is shown in Fig. 3. As a 
conventional SSA, the pulse is split into two beams by a 
fifty-fifty beam splitter BS. One of the beams is directed 
upwards, referred to as the up-arm, reflected by mirrors M1 
and M2, and is incident on the BBO crystal at an angle � . 
The incidence planes of mirrors M1 and M2 should be per-
pendicular to each other. The other beam passes through the 
BS, referred to as the down-arm, is reflected by mirrors M3 
and M4, and is incident on the BBO crystal at an angle − � . 
The incidence planes of the beam-splitter BS and mirror 
M3 should be perpendicular to each other, and the incidence 
planes of mirrors M3 and M4 should be perpendicular to 
each other as the same. The optical-path lengths between 
the BS to the BBO crystal of the two arms should be care-
fully adjusted to be equal. As a grating-SSA, the input 
beam is replaced by a chromatic dispersion-compensated 

Fig. 1   Layout of diffraction grating SSA

Fig. 2   Layout of generated chromatic dispersion-free tilted pulse 
front

Fig. 3   Configuration for comparison of SSAs. (M1–4: mirrors; BBO: 
�-BaB2O4 crystal; BS: beam splitter )
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tilted pulse-front beam based on the configuration shown 
in Fig. 2, and the optical-path between the BBO crystal and 
the Grating-1 should satisfy the relations described in the 
previous section. Parameters used in the experiment, were 
center wavelength �0 = 1.03 μ m, grating constant d = 1/600 
mm, and as shown in Fig. 4, the tilt angle of pulse front is 
calculated as:

Functions to define the plane for the tilted pulse-front of 
each arm can be written as, 

 where � is the incident angle of each beam. As shown in 
Fig. 4, the intersection line of the two planes is written as,

if the arm descript by Eq. (8a) adds a temporal delay �t , the 
arm can be re-written as,

where c is the speed of light in air.The intersection line of 
the two planes becomes,

Projecting the lines described by Eqs. (9) and (11) to the YZ 
plane, the distance between which is,

(7)u = arctan(�0∕d).

(8a)z + x∕tan(�) + ytan(u)∕ sin(�) = 0,

(8b)−z + x∕tan(�) − ytan(u)∕ sin(�) = 0,

(9)

{

z = −(tan u∕ sin �)y

x = 0
,

(10)
z − c�t sin � + (x − c�t cos �)∕ tan(�) + y tan(u)∕ sin(�) = 0,

(11)

{

z = −(tan u∕ sin �)y + c�t∕2 sin �

x = −c�t∕2 sin �
.

The SSA signal is always generated at the center of the non-
linear crystal, thus the measurement range should be written 
as,

where D is the diameter of the crystal. without pulse-front 
tilt, or for the conventional SSA, u = 0 , thus,

For the same configuration, the grating-based SSA measure-
ment range is 

√

1 + (tan u∕ sin �)2 times that of the conven-
tional SSA. Substituting the values of � , �0 , d, into Eqs. (13) 
and (14), the calculated measurement range of the proposed 
SSA is 1.9 times that of the conventional SSA.

To calibrate the system, a 2 mm thick fused silica plate is 
inserted into one of the arms to produce a 3 ps time delay, 
shifting the SSA signal at the camera. This yields a coef-
ficient representing the ratio of the real pulse width to the 
SSA signal width in units of pixels. Figure 5 shows the cali-
bration results for the conventional SSA and grating SSA, 
and yields 35.7 fs/pixel and 68.2 fs/pixel, respectively. The 
observed measurement range of the grating based SSA is 1.9 
times that of the conventional SSA, which agrees with the 
theoretical analysis above. Measurements results are shown 
in Table 1 for pulse widths of 0.26 ps, 1 ps, 2 ps, 3 ps, and 
5 ps, respectively.

The nominal pulse widths are provided by the manufac-
turer, and the SSA signal is affected by the beam profile [19]. 
The results of SSA measurements would be more precise if 
the beam profile was considered when analyzing the results.

4 � Discussion

Rewriting Eq. (13) we obtain,

To design a large measurement range SSA, we should 
increase the size of non-linear crystal, D, or increase the 
incident angle of each beam, � , to the limit of the acceptable 
angle of second harmonic generation (SHG), or increase the 
pulse front tilt angle, u, to the limit of 45◦ . To design a 100 
ps-range dispersion-free SSA, if we use BBO for SHG, the 
maximum value of � is 22.5◦ , and the corresponding diam-
eter of the BBO crystal is 28mm, while if we use lithium 
triborate (LBO) for SHG, the maximum value of � is 10.5◦ , 
and the corresponding diameter of the crystal is 29.5 mm. 
This size of LBO is not hard to obtain refers to the same 
size BBO. According to Eq. (14), to design a conventional 
SSA by the BBO crystal mentioned above, the measurement 
range is 35.7 ps, which is 1/2.8 times that of 100 ps.

(12)� = c�t∕[2 sin �
√

1 + (tan u∕ sin �)2].

(13)�t = D sin �
√

1 + (tan u∕ sin �)2∕c,

(14)�t = D sin �∕c.

(15)�t = D
√

(sin �)2 + (tan u)2∕c,

Fig. 4   Intersection of arms showing the tilt angle of the pulse-front, u 
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5 � Conclusion

A chromatic dispersion-free diffraction-grating single-shot 
autocorrelator (grating-SSA) is proposed. We describe it 
theoretically, and evaluate the performance experimentally 
by comparison with a conventional SSA. The results dem-
onstrate that the measurement range of an SSA can be 
increased as expected, and that the measurement accuracy 
is the same as that of a conventional SSA. The measure-
ment range of an optimized design can be expanded to 
almost 2.8 times that of a conventional BBO crystal SSA, 
or 100 ps measurement range for a 30 mm diameter non-
linear crystal.
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