
1

Vol.:(0123456789)

Scientific Reports |        (2024) 14:18231  | https://doi.org/10.1038/s41598-024-68833-6

www.nature.com/scientificreports

Spatiotemporal aberrations due 
to the groove density mismatching 
of compression gratings 
in ultra‑intense femtosecond lasers
Yang Zhao 1,2,3, Fenxiang Wu 2,3, Cheng Wang 2, Jiabing Hu 2, Zongxin Zhang 2, Xingyan Liu 2, 
Xiaojun Yang 2, Peile Bai 2, Haidong Chen 2, Jiayi Qian 2, Jiayan Gui 2, Yi Xu 2*, Yuxin Leng 2* & 
Ruxin Li 2*

The groove density mismatching of compression gratings, an often-neglected key issue, can induce 
significant spatiotemporal aberrations especially for super-intense femtosecond lasers. We mainly 
investigate the angular chirp and the consequent degradation of the effective focused intensity 
introduced by the groove density mismatching of compression gratings in ultra-intense femtosecond 
lasers. The results indicate that the tolerances of grating groove density mismatching will rapidly 
decrease with the beam aperture or spectral bandwidth increases. For our 100PW laser under 
construction, the grating groove density mismatching should be as small as 0.001 gr/mm if the drop 
of effective focused intensity has to be controlled below 15%. More importantly, new angular chirp 
compensation schemes are proposed for both double-grating and four-grating compressors. This work 
reveals the importance of groove density matching of compression gratings, and can provide helpful 
guidelines for the design of ultra-intense femtosecond lasers.

The ultra-intense femtosecond lasers play an important role in strong field sciences, as they can create extreme 
conditions and offer unprecedented means for the frontier physical research. Profiting from the chirped pulse 
amplification (CPA) and the optical parametric chirped pulse amplification (OPCPA) technologies1,2, the peak 
power of femtosecond lasers rapidly increases. At present, the hundreds-of-terawatts (TW) and petawatt (PW) 
class femtosecond lasers have been built around the world, and the corresponding focused intensity has reached 
up to 1022 ~ 1023 W/cm23–10. Besides, the 10PW class femtosecond lasers, such as SULF-10PW in China, ELI-
10PW in Romania and L4 Aton at ELI beamlines in the Czech Republic have also been successfully developed11–14. 
This is the currently realized highest laser peak power. What is more, to pursue higher peak power and focused 
intensity, tens-of-PW or 100PW laser systems have already been proposed and under construction, including the 
OPAL-75PW in USA, the SEL-100PW in China, the XCELS-200PW in Russia, and the ELI-200PW in Europe15–19.

As the final stage among the stretching-amplification-compression chain of CPA and OPCPA systems, the 
laser compressor composed of parallel grating pairs plays a crucial role in realizing ultra-intense laser pulses. On 
one hand, appropriate dispersion should be introduced to obtain near Fourier-transfer-limit (FTL) laser pulses, 
which has been well studied20–22. On the other hand, the compression gratings matching becomes increasingly 
important, as spectral bandwidth and beam aperture increase. Indeed, a slight mismatching of compression 
gratings will induce residual angular chirp23–25, which can distort the spatiotemporal shape of laser pulses and 
finally reduce the effective focused intensity. Angular chirp usually originates from the misalignment of the 
compression gratings, which leads to the tilted pulse front. As a result, the focal spot is enlarged and the pulse 
duration is stretched26. For wavefront errors induced by the gratings, due to the separation and superposition 
of various spectral components in space, spatio-spectral phase coupling is caused, which leads to more com-
plex spatiotemporal coupling distortion in the output pulse27,28. In fact, in ultra-intense femtosecond lasers, 
the compressor is set up in a vacuum environment, and the local heating introduced by the laser will cause a 
surface deformation of the gratings easily, and then the high order spatiotemporal coupling appears29. To sum 
up, since high peak power lasers usually feature with broadband spectrum and large beam aperture, the impact 
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of compression gratings mismatching is serious. Unfortunately, the needed size of compression gratings in high 
peak power lasers are generally large to avoid optical damage. For example, the meter-sized gratings are required 
for 10PW laser compression. However, the perfect matching of such large-size gratings is particularly difficult.

The compression gratings mismatching mainly includes the grating pair misalignment and the grating groove 
density mismatching. Both of them can result in spatiotemporal aberrations and hence significant effective 
intensity degradation in the far field, especially for ultra-intense femtosecond lasers. The impact of grating 
pair misalignment has been comprehensively investigated23–26,30–32, and the guidance of the grating calibration 
accuracy in three dimensions are proposed in our previous work32. However, there are seldom attentions paid 
to the grating groove density mismatching in laser compressor. Usually, limited by the grating manufacturing 
technology, gratings produced in different batches cannot guarantee identical groove density, which leads to inter-
grating groove density mismatching. Currently, most of the works about grating groove density are focused on its 
measurement, and some measurement methods have been developed. Such as the Atomic Force Microscopy33,34, 
the Long Trace Profile35–37 and the diffraction method38–42. The measurement accuracy of inter-grating groove 
density error can reach 0.005 gr/mm43. Nevertheless, this groove density error (0.005 gr/mm) may no longer be 
sufficient for future tens-of-PW and 100PW class lasers, because a tiny grating groove density mismatching in 
compressors can induce serious spatiotemporal aberrations of ultra-intense femtosecond lasers. Previously, to 
eliminate the angular chirp induced by grating pair misalignment, researchers have put forward that two types 
of errors with similar effects can be balanced against each other24,44,45. For example, we can adjust the grating tip 
to counteract the vertical angular chirp introduced by groove non-parallelism. For the complex spatiotemporal 
coupling distortion induced by the imperfect diffraction wave-front of gratings, Li et al. insert a scaled down 
compressor with a deformable retro-reflection mirror before the main compressor46. The wave-front generated 
by the deformable mirror can compensate that introduced by the second and the third gratings in the main 
compressor, and then spatiotemporal coupling distortion can be perfectly removed. The similar method has also 
been used to suppress the effect caused by grating groove density mismatching47. Although people successfully 
corrected the offset angle of output laser beam, the residual angular chirp is significantly increased and hence 
the effective focused intensity is further decreased. However, this problem has not been taken seriously as yet. 
Therefore, it is of great importance and an urgent need to propose a more efficient compensation method for 
the grating groove density mismatching in ultra-intense femtosecond lasers.

In this work, the angular chirp and the consequent effective intensity degradation induced by groove density 
mismatching of compression gratings are investigated, which is an important but often ignored issue in ultra-
intense femtosecond lasers. The results show that the degradation of effective focused intensity induced by grat-
ing groove density mismatching will aggravate with the increase of spectral bandwidth or beam aperture. Some 
typical high peak power femtosecond lasers are applied as case studies, and the tolerances of groove density 
mismatching of compression gratings are discussed. For our 100PW laser being built now17, the tolerance of 
grating groove density mismatching is only 0.001 gr/mm for an effective intensity drop below 15%. It is a seri-
ous challenge for current gratings manufacturing and testing techniques. Hence, some efficient compensation 
methods for the grating groove density mismatching are needed. For the double-grating compressors, a new 
compensation scheme based on the suppression of the angular chirp rather than the offset angle is proposed. 
And this scheme is demonstrated to be much more favorable for controlling the effective intensity degradation. 
Moreover, we also proposed a two-step compensation method for the angular chirp of the output pulses from 
four-grating compressors. Particularly, for the compressor happens to be the mirror-symmetry configuration of 
a double-grating compressor, the angular chirp can be cancelled out just by optimizing the collocation of grating 
pairs. This work efficiently demonstrates the importance of groove density matching of compression gratings, 
and can promote the developments of grating technologies and ultra-intense femtosecond lasers.

Angular chirp caused by the grating groove density mismatching in compressors
In order to obtain high spatial–temporal quality pulses from a high peak power femtosecond laser, it is neces-
sary to ensure the perfect alignment of compression gratings. Several studies have proved that the compression 
gratings misalignment in any dimension can induce angular chirp, which ultimately affects the spatiotemporal 
characteristic of laser pulses23–25,30–32. Analogously, if there is an error of the grating groove density in a compres-
sor, the angular chirp will also be introduced even the gratings are aligned precisely.

Firstly, a double-grating compressor is investigated based on the grating diffraction equation and ray-tracing 
method, as shown in Fig. 1. The red and black rays represent the propagation optical paths of laser pulses in 
this compressor with and without groove density mismatching. The groove densities of G1 and G2 are N and 
N’, respectively. In the case of N’ = N, the incident laser ray firstly passes through OB and BC, then returns by its 
original path after being reflected at point C, and finally emits from point O. However, due to the presence of 
groove density error (i.e. N’ ≠ N), the laser ray will deviate from its initial propagation direction after being dif-
fracted by G2 for the first time. The deviated laser ray is reflected at point C’, then passes through C’D and DE, 
and finally outputs from point E. Consequently, an offset angle θd is induced between the incident and output 
laser rays. Generally, the groove density error is very tiny, hence θd is also very small and can be expressed as 
Eq. (1). ΔNd is the grating groove density error of a double-grating compressor, λ is the wavelength of laser ray, 
and α is the laser incident angle on G1. Here, we only exhibit the beam trajectory for a single wavelength, but it 
can be applied to the entire spectrum of the laser pulses.

Obviously, the offset angle θd of the output laser ray is wavelength dependent. In other words, an angular chirp 
is introduced to the output laser beam. It is notable that the laser ray is always propagating within the diffraction 
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plane of gratings, and there are no additional components perpendicular to the diffraction plane. Therefore, the 
grating groove density mismatching only causes an angular chirp in the horizontal direction, and the angular 
chirp can be given as Eq. (2).

Secondly, the four-grating compressors which are more commonly used in ultra-intense femtosecond lasers 
are also investigated. As Fig. 2 shows, the groove densities of the four gratings are N1, N2, N3 and N4, respectively. 
Based on the grating diffraction equation and ray-tracing method, we can also obtain the offset angle θf of the 
output laser rays from above four-grating compressor, as Eq. (3).

Then the corresponding angular chirp Caf of output laser rays can be calculated by Eq. (4). Here, we can define 
the groove density error ΔNf of a four-grating compressor as Eq. (5), which is also applicable for a double-grating 
compressor. Because the configuration of a double-grating compressor is equivalent to a mirror-symmetry grat-
ing pair, which means N2 = N3 = N’ and N1 = N4 = N. As a result, ΔN = ΔNd = ΔNf.

Given above, we find that the grating groove density mismatching in compressors will induce angular chirp 
of output laser pulses. But it is worth noting that the angular chirp is a constant, which only depends on the 
laser incident angle and the grating groove density error ΔN. In the subsequent chapters, the spatiotemporal 
aberrations due to the groove density mismatching of compression gratings in ultra-intense femtosecond lasers 
will be analyzed.

Spatiotemporal aberrations induced by grating groove density mismatching
The angular chirp induced by the grating groove density mismatching can destruct the spatiotemporal char-
acteristics of the laser beam and ultimately degrade the effective focused intensity, especially for ultra-intense 
femtosecond lasers. Due to the presence of angular chirp, each spectral component of the angular chirped laser 
pulses will have a spatial displacement at the focal spot, which causes spectral narrowing and hence the local 
pulse duration elongation at each point inside the focal region. In the time domain, the angular chirp will also 
induce pulse front tilt, which can generate a group delay on the cross section of laser beam. As a result, the pulses 
at different radial positions of laser beam arrive at the focal plane at different time. In other words, the focal 
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dθd
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Figure 1.   Schematic of groove density mismatching in a double-grating compressor.

Figure 2.   Schematic of groove density mismatching in a four-grating compressor.
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plane is not illuminated simultaneously, i.e., the effective pulse duration at focal region is much longer than the 
local pulse duration. In addition to the spectral decomposition, the angular chirp will also increase the beam 
divergence of compressed pulses and finally result in focal spot size enlargement in the direction of angular chirp. 
The expansion factors of local pulse duration and focal spot size are almost the same. In our previous work, the 
three main far-field effects aforesaid of angular chirp, i.e., the local pulse duration (τl) elongation, the effective 
pulse duration (τe) broadening, and the focal spot size enlargement, have been comprehensive investigated.

Similarly, the groove density mismatching of compression gratings induced angular chirp will also result 
in pulse duration elongation, effective pulse duration broadening and focal spot size enlargement in the far 
field, and hence degrade the effective focused intensity. Based on the calculation method in Reference32, the 
far-field effects of the groove density mismatching of compression gratings are numerically analyzed with dif-
ferent spectral bandwidth and beam aperture, shown as Fig. 3. In the calculations, for the sake of simplicity, the 
laser pulses are assumed to feature with Gaussian spectra centered at 800 nm wavelength and uniform spatial 
intensity distribution. The incident angle and standard grating groove density of the grating compressor are 51° 
and 1480 gr/mm, respectively. τ0 is the FTL pulse duration, d0 is the ideal focal spot diameter while d represents 
focal spot diameter in the direction of angular chirp. I0 is ideal focused intensity.

In the first case, the pulse spectral bandwidth is 100 nm, and the beam aperture is changing from 50 to 
400 mm. The elongation of the far field local pulse duration, the broadening of the effective pulse duration, 
and the enlargement of the focal spot size are calculated with different grating groove density errors. As shown 
in Fig. 3a–c, as the grating groove density error increases, the far field local pulse duration, the effective pulse 
duration and the focal spot size are all increasing, which ultimately leads to focused intensity degradation shown 
in Fig. 3d. Moreover, it is obvious that the laser with larger beam aperture has longer pulse duration and more 
significant focal spot enlargement, and hence the lower focused intensity, for a certain grating groove density 
error. It means that the larger-aperture lasers have smaller tolerances to the grating groove density mismatching.

In the second case, the grating groove density error induced spatiotemporal aberrations of laser pulses are 
calculated with different spectral bandwidth, while the beam aperture is 200 mm. As Fig. 3e–g show, the variation 
trends of far field local pulse duration, the effective pulse duration and the focal spot size are the same as Fig. 3a–c, 
with the grating groove density error increases. Therefore, the focused intensity degradation in Fig. 3h follow 
the same trend as Fig. 3d. As well, for the same grating groove density error, the lasers with wider spectra have 
more significant spatiotemporal aberrations and are more sensitive to the grating groove density mismatching.

In a word, for ultra-intense femtosecond lasers that usually feature with large beam aperture and broad 
spectral bandwidth, even tiny grating groove density mismatching can result in significant distortions of laser 
spatiotemporal characteristics and consequently a serious degradation of the focused intensity. What’s more, 
with the development of ultra-intense femtosecond lasers, the grating groove density mismatching will be of 
crucial importance to the effective focused intensity. Thereby, investigating the influence of grating groove density 
mismatching in compressor and proposing effective compensation methods are necessary and significant for 
obtaining ideal ultra-intense laser pulses.

A new compensation scheme for double‑grating compressors
The double-grating compressors are generally employed in hundreds-of-TW lasers. In this section, a CPA-based 
200TW femtosecond laser in our laboratory will be numerically investigated3, including the influence and com-
pensation of the grating groove density mismatching in compressor.

Figure 3.   Local pulse duration elongation factor (a,e), effective pulse duration broadening factor (b,f), focal 
spot size enlargement factor (c,g) and effective intensity degradation (d,h), with the increase of grating groove 
density error. (a–d): different beam apertures with 100 nm spectral bandwidth; (e–h): different spectral 
bandwidths with 200 mm beam aperture.
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For the sake of simplicity, the laser is described by a Gaussian spectrum with 800 nm center wavelength and 
90 nm bandwidth (at 1/e2), and the compressed pulse duration is around 27 fs. The beam diameter is about 
85 mm, with flat-topped spatial intensity distribution. In the grating compressor, the standard grating groove 
density and the incident angle are 1480 gr/mm and 51° respectively. For this laser, the degradation of focused 
intensity with grating groove density error is investigated, as shown in Fig. 4. (i) To achieve 0.9 times the ideal 
focused intensity, the grating groove density error has to be kept below 0.02 gr/mm. (ii) For 0.7 times the ideal 
focused intensity, the grating groove density error can be relieved to 0.04 gr/mm. (iii) When the grating groove 
density error reaches up to 0.2 gr/mm, the attainable focused intensity is only ~ 10% of the ideal focused intensity. 
Therefore, a strict control of the groove density mismatching of compression gratings is quite important, even 
for a 200TW class femtosecond laser.

To compensate the influence of groove density mismatching in double-grating compressors, Zhao and Zuo 
et al. corrected the angular drift of output laser beam by horizontally rotating the G2, i.e., grating tilt47,48. By this 
way, an extra horizontal angular error is introduced, which can cancel out the output beam drift. Nevertheless, 
this method can only correct the offset angle of central wavelength component, while those of other wavelength 
components still exist. More importantly, the residual angular chirp of the output laser beam will become more 
complex. Because the angular chirp induced by grating tilt depends on wavelength, whereas that resulted from 
grating groove density mismatching does not.

Assuming that the grating groove density error of the compressor in above 200TW laser is 0.1 gr/mm, we 
calculate the residual offset angle and angular chirp across the full spectrum after correcting the offset angle of 
the central wavelength. The results are presented in Fig. 5. As shown in Fig. 5a, although the offset angle of the 
center wavelength is zero, it will increase with the deviation of wavelength to both sides. The beam divergence 
angle across the full spectrum exceeds 40 μrad. Consequently, the residual angular chirp changes from a constant 
(0.32 μrad/nm) to wavelength dependent variables, and the residual angular chirp is becoming larger (from the 
red line to blue line in Fig. 5b). It means that the laser focused intensity degradation will be more significant 
after employing above compensation method. Therefore, a more efficient compensation scheme is necessary 
and of great importance.

Here, a new compensation scheme is proposed to control the impacts of groove density mismatching in 
double-grating compressors. This method also introduces an extra horizontal angular error by grating tilt, but 
is based on the compensation of angular chirp (rather than offset angle) of the output laser. When G2 is tilted 

Figure 4.   Variations of focused intensity of the 200TW laser with groove density error.

Figure 5.   The effects of compensating for the offset angle of the central wavelength. (a) The residual 
offset angles of different wavelength. (b) The residual angular chirp across the spectrum before and after 
compensation.
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from the parallel position by an angle εx, the resulting horizontal angular chirp can be expressed as Eq. (6). To 
compensate the angular chirp, the sum of Eqs. (2) and (6) should be zero. As a result, the tilted angle εx of G2 is 
illustrated as Eq. (7). Due to the εx is wavelength dependent, the value corresponding to the center wavelength 
can be further expressed as Eq. (8).

The residual offset angle and angular chirp of output laser after correcting the angular chirp of central wave-
length are also calculated and shown in Fig. 6. As shown in Fig. 6a, the offset angle of output laser increases 
across the full spectrum, but the beam divergence angle is greatly decreased, with a maximum value of ~ 1.5 μrad. 
Accordingly, the residual angular chirp is also reduced (from the red line to blue line in Fig. 6b). The residual 
angular chirps at two sides of the spectrum are about ± 0.06 μrad/nm. It is clearly that both the beam divergence 
and residual angular chirp are better controlled by this new compensation scheme. In the following work, the 
absolute value of the maximum residual angular chirp is adopted to represent the angular chirp across full 
spectrum, for the sake of simplicity.

Based on the angular chirp compensation scheme, the variation of effective pulse duration and focused inten-
sity before and after compensation are also compared, as Fig. 7a shows. In the case of a groove density error of 
0.2 gr/mm, the broadening factor of effective pulse duration is reduced from 4 to 1.2 and the focused intensity 
is increased from 10% to 72% of the ideal value, after the compensation. The simulated results demonstrate the 
effectiveness of our compensation scheme.

(6)Cax = 2εxN
tanβ

cosα

(7)εx =
N − N ′

N · tanβ

(8)εx0 =
N − N ′

N · tanβ0

Figure 6.   The effects of compensating for the angular chirp of the central wavelength. (a) The residual 
offset angles of different wavelength. (b) The residual angular chirp across the spectrum before and after 
compensation.

Figure 7.   (a) Focused intensity and effective pulse duration broadening factor before and after compensation 
for angular chirp (Com.: Compensation). (b) Corresponding grating tilt angles.
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Besides, the required grating tilted angles to compensate different groove density errors are also calculated 
and shown in Fig. 7b. With the grating groove density error increases from zero to 0.2 gr/mm, the grating tilted 
angle has to linearly increase from zero to – 320 μrad. The negative sign means that the grating G2 needs to be 
clockwise rotated for angular chirp compensation. Generally, the grating groove density error should be better 
than 0.05 gr/mm, it corresponds to a grating tilt angle below 75 μrad which is too small to obviously affect the 
compressed pulse duration.

The compensation scheme for four‑grating compressors
For PW and higher peak power femtosecond lasers, their beam apertures have to be very large (hundreds of mil-
limeters) in order to avoid optical damage. Hence, four-grating compressors are generally equipped. In addition, 
the spectra of such ultra-intense lasers are usually very broad to achieve a shorter pulse duration. As a result, the 
spatiotemporal aberrations induced by the grating groove density mismatching can be more serious. Thereby, the 
investigation of the groove density mismatching of compression gratings for ultra-intense femtosecond lasers is 
particularly important. In this section, three ultra-intense femtosecond lasers will be studied for examples. Two 
of them are CPA-based 1PW and 10PW lasers6,11, another is OPCPA-based 100PW laser under construction17.

For simplicity, the beams of above three lasers are assumed to be circular with Gaussian spectra profile. Then 
the schematic of grating groove density mismatching in four-grating compressors can be illustrated as Fig. 2. The 
detailed parameters of above three ultra-intense femtosecond lasers are described in Table 1.

Based on these parameters, the focused intensity degradations with the groove density error of compression 
gratings are calculated, as shown in Fig. 8. It is clear that the focused intensity is rapidly dropping with the grat-
ing groove density error increases. And the rate of degradation increases with the increase of laser peak power, 
because a higher peak power generally indicates a broader spectrum and a larger beam size. From the figure, 
the mismatching tolerances of these three lasers can be obtained when the focused intensities are 85%, 70% and 
50% of the ideal values. We can find that the currently detectable grating groove density error (0.005 gr/mm) is 
small enough for PW-level lasers, only resulting in ~ 3% focused intensity degradation. Therefore, the grating 
groove density mismatching is not a big issue for the widely used PW-level lasers. However, when the laser peak 
power reaches up to 10PW and 100PW, such an error will result in ~ 20% and ~ 80% focused intensity degrada-
tion, respectively. Therefore, it is a considerable challenge for the manufacture and test of large-size gratings in 
100PW-level lasers. As an error small to 0.005 gr/mm can cause obvious destruction to the focused intensity 
of 10PW-level and 100PW-level lasers, it is very important to find solutions to suppress the impacts of groove 
density mismatching in four-grating compressors.

In order to control the angular chirp induced by the grating groove density mismatching of four-grating 
compressors, a two-step compensation method is proposed. Based on Eq. (4), it is obvious that the angular chirp 
is decided by ΔNf. Hence, the first compensation step is to optimize the arrangement of four gratings to make ΔNf 
as small as possible, which minimizes angular chirp in the case of parallel grating pairs. The second compensa-
tion step is to tilt the G4 for introducing a horizontal angular error to further compensate the residual angular 
chirp, which is similar to the new scheme proposed in Section “A new compensation scheme for double-grating 
compressors”. The optimal tilt angle of G4 corresponding to the central wavelength can be expressed as Eq. (9). 
If εx is positive, the grating tilts clockwise; Otherwise, it tilts counterclockwise.

Table 1.   Laser parameters and grating configurations with different peak powers.

Peak power (PW) Beam aperture (mm) Bandwidth (nm) Center wavelength (nm) Incident angle Groove density (gr/mm) Duration (fs)

1 213.5 80 800 51° 1480 29.6

10 470 100 800 51.5° 1480 21

100 830 210 925 61° 1400 15

Figure 8.   Focused intensity deterioration with grating groove density errors for 1PW, 10PW and 100PW lasers.
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Besides, a relatively simple case is investigated for example, in which the four-grating compressor happens 
to be the mirror-symmetry configuration of a double-grating compressor (i.e., N–N’–N’–N). Two optimization 
schemes are proposed for the arrangement of four gratings.

Firstly, the positions of G3 and G4 are switched. The order of grating groove density changes to N–N’–N–N’, 
as Fig. 9a shows. In this case, for the aforementioned 100PW laser, when the groove density mismatching does 
not exceed 0.5 gr/mm, the angular chirp introduced by the first grating pair (G1 and G2) will be completely 
compensated by the second grating pair (G3 and G4), based on the grating diffraction equation. The current 
grating manufacturing and testing technology is easy to control such an amount of mismatching (0.5 gr/mm), 
indicating that our method is effective. However, due to the groove density mismatching, a small spatial chirp 
will be lastly introduced to the edges of the output laser beam. When N’ > N, the short- and long-wavelength 
components will at the upper and lower edges of the output laser beam respectively, as shown in Fig. 9a. While 
N’ < N, the exact opposite happens. In addition, groove density mismatching between G1 and G2 is the causation 
for the final asymmetric spatial chirp. For the 100PW laser, the spatial chirp widths D1 and D2 are 0.4 mm and 
0.3 mm respectively, assuming the grating groove density error is as large as 0.1 gr/mm. Such spatial chirp width 
is negligible with respect to the beam size (830 mm), for the total spatial chirp width only accounts for 0.08% of 
the beam size. Compared with other works which have tens of millimeters spatial chirp width49,50, spatial chirp 
in our work can hardly affect the spatiotemporal characteristics of laser pulses.

Secondly, the positions of G2 and G4 are exchanged. The order of grating groove density becomes N–N–N’–N’, 
as shown in Fig. 9b. Under this situation, the groove densities in each grating pair are matched, and hence no 
angular chirp is introduced. Similar to Fig. 9a, due to the groove density mismatching, traces of spatial chirp will 
be lastly introduced to the edges of the output laser beam. For the aforementioned 100PW laser, the distribu-
tion of spatial chirp is symmetric and the total spatial chirp widths (D1 + D2) of the output laser beams is only 
0.1 mm, when the grating groove density error is as large as 0.1 gr/mm. With respect to the beam size (830 mm), 
the total spatial chirp width only accounts for 0.01% of the beam size. Besides, the residual spatial chirp can also 
be eliminated by slightly changing the separation between G3 and G4. Therefore, compared with exchanging 
the positions of G3 and G4, exchanging the positions of G2 and G4 can more effectively eliminate the impact of 
grating groove density mismatching in four-grating compressors.

In short, a two-step compensation method is proposed to control the angular chirp in four-grating compres-
sors. Particularly, when the four-grating compressor happens to be the mirror-symmetry configuration of a 
double-grating compressor, the angular chirp can be completely eliminated just by optimizing the arrangement 
of four gratings.

Conclusion
In conclusion, we investigate the angular chirp and the resulting spatiotemporal aberrations induced by the 
groove density mismatching of compression gratings in this work. The results show that the degradation of effec-
tive focused intensity induced by grating groove density mismatching will aggravate with the increase of spectral 
bandwidth or beam aperture. For the 100PW-level laser, even the groove density error as small as 0.001 gr/mm 
can cause a 15% drop of effective focused intensity. Therefore, it is of crucial importance to find solutions to 
overcome the impact of the grating groove density mismatching. For the double-grating compressors, a new 
compensation scheme based on the suppression of the angular chirp, rather than the offset angle of output laser 
beam is proposed and demonstrated. Meanwhile, groove density mismatching in four-grating compress can be 

(9)εx0 =
(N2+ N3)− (N1+ N4)

tanγ0 · (N2+ N3− N1)

Figure 9.   Compensation for grating groove density mismatching by (a) switching G3 and G4, (b) exchanging 
G2 and G4.
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compensated by a two-step compensation method. This work indicates the importance of groove density match-
ing of compression gratings, and offer helpful guidelines for the design of the ultra-intense femtosecond lasers.

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable 
request.
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