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Abstract.  A method is proposed for third-order dispersion compen-
sation in compressors of femtosecond petawatt laser facilities 
employing object-image-grating self-tiling technology to prevent 
the return of the laser beam in amplifying chains. Simulations are 
performed for functioning and being developed Nd : glass and 
Ti : sapphire petawatt-level lasers.

Keywords: chirped-pulse amplification, femtosecond pulse com-
pressor with an object-image-grating self-tiling scheme, third-order 
dispersion.

1. Introduction

The rapid development of ultra-high power lasers that employ 
the  chirped-pulse  amplification  (CPA)  technique  requires 
large-scale  stretchers  and  compressors  [1 – 3].  The  object-
image-grating  self-tiling  (OIGST) method allows  the use of 
meter-sized gratings to compress pulses of existing petawatt-
level laser systems [4, 5]. As shown in Fig. 1, the addition of an 
object-grating and a perpendicularly mounted mirror doubles 
the  effective  aperture  of  the  grating while  retaining  optical 
efficiency.  Unlike  conventional  compensation  tiling  [6], 
OIGST technology is successfully used in femtosecond lasers 
because it allows one to achieve ideal tiling of the gratings and 
lacks  piston  errors  of  the  entire  system,  which  lead  to  an 
increase in the output pulse duration [7]. To realise the engi-
neering application of OIGST in a future Chinese multi-pet-
awatt laser facility, our group has recently found that require-
ments to higher adjustment accuracy and stability within the 
OIGST method  are  less  strict,  compared  to  the  traditional 
grating tiling method [8]. The first demonstration experiment 
of laser pulse compression by the OIGST technique has been 
carried out using our optical parametric chirped-pulse ampli-

fication  (OPCPA)  laser,  which  allowed  us  to  obtain  near-
transform-limited  pulses  with  a  near-diffraction-limit  beam 
divergence  [9]. However, we have also  found  in  this  experi-
ment  another  important  potential  problem  existing  in  the 
OIGST CPA laser system which may lead to a damage of an 
amplifier chain due to the returned reflection pulse (RRP) [8]. 

The  beam  path  in  an  OIGST  compressor  has  been 
described in Refs [4, 9]. As shown in Fig. 1, the input beam is 
diffracted by  the  first  grating and  then by  the OIGST  tiled 
grating to the output. During diffraction on the first grating, 
the beam is broadened in the horizontal plane because of its 
broad  spectrum. Therefore, while  the beam  is diffracted by 
the OIGST tiled grating, different spectrum components fol-
low different paths: shorter wavelength components are dif-
fracted by the grating to the output; longer wavelength com-
ponents are first reflected and then diffracted by the mirror 
and the grating, respectively, and experience a second mirror 
reflection to the output. The beam path of two arbitrary spec-
tral components is shown in Fig. 1: the diffraction beam (solid 
line)  on  the  grating  of  the OIGST  tiled  grating  is what we 
need, while the reflection beam (dashed line) accompanies the 
diffraction beam. If we only focus on the reflection effect, the 
OIGST  tiled  grating  becomes  a  standard  retro-reflector. 
Because  of  the  right-angle  configuration,  the RRP  (dashed 
line)  will  follow  exactly  the  input  path  (solid  line)  and  be 
injected into the amplifier chain. In a petawatt laser system, 
the slant distance within a grating pair compressor is usually 
longer than 1.5 m, and accordingly the delay time between the 
main pulse and  the RRP  is  larger  than 10 ns.  In an optical 
parametric  amplifier,  the  pump  pulse  duration  is  generally 
shorter than 10 ns. In this condition, the RRP is not amplified 
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Figure 1. Beam path in an OIGST grating compressor. Solid line and 
dashed  line  show  direction  of  diffracted  and  reflected  beams  in  an 
OIGST tiled grating, respectively.
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and can be suppressed by an optical isolator. Unfortunately, 
in  optical  amplifiers  of  other  types  (for  example, Nd : glass 
and Ti : sapphire  amplifiers),  the RRP amplification  cannot 
be avoided. 

As shown in Fig. 1, we present in [8] a very simple method 
to  deviate  the  RRP  from  the  end-window  of  the  amplifier 
chain by slightly tilting the input beam to the grating groove 
(y axis) direction with an out-of-plane tilt angle qc. However, 
introducing this out-of-plane tilt angle will change the opti-
cal path of the diffraction beam within the parallel grating 
pair  compressor,  which  will  lead  to  dispersion  distortion, 
and accordingly, to temporal distortion of the compression 
pulse [10].

In  this  paper,  we  have  calculated  this  distortion  in 
Nd : glass and Ti : sapphire lasers and proposed a very simple 
compensation method. In addition, we present a method for 
calculating dispersion in an OIGST CPA laser, which could 
be used to guide the construction of grating-size-limited ultra-
short ultra-high laser systems, for example the future femto-
second multi-petawatt laser facility in China.

2. Dispersion distortion

The phase delay f of a laser pulse introduced by a dispersion 
optical  element can be expanded as Taylor  series about  the 
centre frequency w0 as
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where f0 is the phase constant; f' is the group delay; f'' is the 
group-velocity dispersion  (GVD); f'''  is  the  third-order dis-
persion (TOD); and f'''' is the fourth-order dispersion (FOD). 
Dispersion optical elements in a standard CPA laser system 
generally  include  a  pulse  stretcher,  transmission  materials 
(gain media and spatial filter lenses in the amplifier chain) and 
a  pulse  compressor.  Thus,  the  condition  for  the  dispersion 
compensation of a CPA laser system is given by
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For GVD, TOD and FOD, the subscripts s, m and c identify 
the stretcher, transmission materials and compressor.

The main dispersion in a CPA laser system is introduced 
by  the  stretcher  and  the  compressor,  which  have  the  same 
optical structure in the form of a parallel grating pair [11, 12]. 
However, the stretcher has a telescope placed within the grat-
ing pair, which introduces opposite-sign dispersion matched 
to the compressor. The phase delay within a parallel grating 
pair compressor is given by
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where a is the angle of incidence; b is the diffraction angle; q 
is the out-of-plane tilt angle; G is the perpendicular distance 
within the grating pair; c is the speed of light; and d is the grat-
ing period. Generally,  the  stretcher and  the  compressor are 

designed with same parameters a, G and d, and therefore, the 
absolute values of GVDs, TODs and FODs are equal to those 
of GVDc, TODc and FODc. In this paper, we consider only an 
aberration-free stretcher configuration [13].

As  explained  in  the  Introduction,  in  order  to  avoid  the 
potential  damage  caused  by  the  RRP,  an  out-of-plane  tilt 
angle  is  introduced  into  the  compressor. One  can  see  from 
Fig. 1 that while the input beam is slightly tilted to the y axis, 
the optical path (as well as the phase delay) of the diffracted 
laser pulse passing the compressor will deviate from the origi-
nal one, which will lead to dispersion distortion and break the 
dispersion balance of  the whole CPA  system. To  introduce 
the same out-of-plane tilt angle to the stretcher maybe an effi-
cient  solution,  but which will  challenge  the multi-pass  con-
figuration of the stretcher. 

3. Compensation solution

3.1. Nd : glass system

Due to a limited gain bandwidth but a large physical aper-
ture of the Nd : glass, this system could support a sub-pisco-
second kilo-joule laser pulse. The simulation is performed 
for  our  petawatt  facility  [14]  whose  structure  is  given  in 
Fig. 2. A 230-fs, 0.5-nJ seed pulse centred at 1053 nm from the 
oscillator  is  stretched  to  3  ns  by  an  8-pass  single-grating 
stretcher, amplified to 400 J by the Nd : glass amplifier chain, 
and finally re-compressed to around a 400-fs, 350-J pulse by 
a four-grating single-pass compressor. The duration broad-
ening of the final pulse compared with the seed one is caused 
by the  limited gain bandwidth and nonlinear phase distor-
tions  (B-integral)  in  the  amplifier  chain, which  are  20  nm 
and 1.7, respectively. The total length of Nd : glass and BK7 
lenses in the system is 3.35 m and 0.36 m, respectively. The 
stretcher and the compressor are designed with the same grat-
ing density of 1740 lines mm–1 and the same incident angle of 
70°. To compensate for the total GVD of the system, the dis-
tance  between  the  gratings  is  chosen  to  be  0.4980  and 
1.9926  m, respectively. The uncompensated TOD is relatively 
small, which will not distort the shape of the output sub-pis-
cosecond pulse.

Compressor

Amplifier chain

Oscillator

Stretcher Fibre

Figure 2. Schematic  view of  the petawatt Nd : glass  facility. The  inci-
dent beam at the compressor is tilted to avoid coupling of the RRP into 
the amplifier chain. Fibre is inserted for TOD compensation. 
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The GVD, TOD and FOD of dispersion elements within 
this system are presented in Table 1, which shows that with 
increasing out-of-plane  tilt angle qc  the dispersion  length of 
the  compressor  should  be  increased  to  compensate  for  the 
residual GVD of the system. However, the residual TOD and 
FOD cannot be compensated, simultaneously. The influence 
of FOD in a sub-piscosecond pulse can be ignored, and then 
in this section we only focus on the TOD compensation. 

Figure 3a shows the dependences of GVD and TOD/GVD 
on  the out-of-plane  tilt angle. The absolute values of GVD 
and  TOD  decrease  with  increasing  out-of-plane  tilt  angle, 
TOD decreasing faster than |GVD|. The decrease of the com-
pressor |GVD| leads to a residual of the stretcher GVD, which 
will stretch the duration of the output pulse. In our system, 
out-of-plane  tilt  angles  of  1°  and  2°  lead  to  around  7  and 
29-ps pulse stretching, respectively. This GVD distortion can 
be conveniently eliminated by slightly  increasing the disper-
sion length Gc of the compressor. At the same time, this does 
not lead to TOD compensation, which deteriorates both the 
peak  intensity and  the  temporal contrast. Generally,  in  this 
case, an extra adjustment of the compressor incident angle ac 
is  needed.  The  compensation  of  GVD  and  TOD  can  be 
obtained  simultaneously  by  adjusting  both  the  dispersion 
length Gc  and  the  incident  angle ac  of  the  compressor  [15]: 
The dispersion length determines the amount of GVD, TOD 
and  FOD,  and  the  incident  angle  affects  the  ratio  among 
GVD, TOD and FOD. 

The incident angle ac and the dispersion length Gc of the 
compressor  can  be  easily  calculated  and  achieved  in  the 
absence of the  out-of-plane tilt angle qc. However, when an 
out-of-plane tilt angle is introduced, the incident angle as well 
as the dispersion length should be adjusted accordingly.

Figure 3b shows the peak intensity of the GVD compen-
sated pulse as a function of the incident angle adjustment at 
different out-of-plane tilt angles. The highest peak intensities 
(the  TOD  compensation)  are  achieved  at  incident  angle 
adjustments of 0, –0.04°, –0.20° and –0.46° for qc = 0, 1°, 2° 
and 3°, respectively. One can also see from the figure that in 
the absence of the incident angle adjustment, the peak inten-
sity of the GVD compensated pulse will decrease rapidly with 
increasing out-of-plane tilt angle qc. Although decreasing the 
incident  angle  of  the  compressor  could  compensate  for  the 
TOD distortion, it may lead to another important problem: 
the  insertion  of  the  second  grating  into  the  incident  beam, 
which will destroy the optical arrangement of the compressor. 

Besides, the adjustment of the incident angle for a single-pass 
four-grating  compressor  is  a  challenging  engineering  prob-
lem, which requires  the precision positioning of meter-sized 
gratings. 

Actually, introducing a prism-pair and grating-pair hybrid 
configuration into the system is another solution to the TOD 
compensation  [16]. However,  this method will  aggravate  the 
complexity of a  facility and reduce  its engineering reliability, 
especially for a petawatt-level large-scale laser system. 

Let us consider a simpler method for the TOD compensa-
tion. The negative TOD of the stretcher can be compensated 
for by using an element with a positive TOD. To this end, use 
can be made of silica fibre, which has a positive GVD and a 

Table 1. GVD, TOD and FOD in a Nd : glass system.

Dispersion element Dispersion length/m GVD/fs2 TOD/fs3 FOD/fs4

Stretcher 0.4980 ´ 8 2.7150 ´ 108 –4.11320 ´ 109 1.0371 ´ 1011

Nd : glass 3.35 8.0239 ´ 104 1.3643 ´ 105 –1.4924 ´ 105

BK7 lens 0.36 8.3628 ´ 103 1.7126 ´ 104 –2.0547 ´ 104

Compressor (qc = 0) 1.9926 ´ 2 –2.7158 ´ 108 4.1146 ´ 109 –1.0375 ´ 1011

Total system (qc = 0) 0 1.5536 ´ 106 –4.0170 ´ 107

Compressor (qc = 1°) 2.0003 ´ 2 –2.7158 ´ 108 4.1039 ´ 109 –1.0321 ´ 1011

Total system (qc = 1°) 0 –9.1464 ´ 106 4.9983 ´ 108

Compressor (qc = 2°) 2.0236 ´ 2 –2.7158 ´ 108 4.0712 ´ 109 –1.0156 ´ 1011

Total system (qc = 2°) 0 –4.1846 ´ 107 2.1498 ´ 109

Compressor (qc = 3°) 2.0638 ´ 2 –2.7158 ´ 108 4.0151 ´ 109 –9.8726 ´ 1010

Total system (qc = 3°) 0 –9.7946 ´ 107 4.9838 ´ 109

Silica fibre 0.001 17.263 43.202 –56.899
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Figure 3. (a)  Compressor  GVD  and  TOD/GVD  vs.  out-of-plane  tilt 
angle qc and (b) normalised peak intensity of a GVD compensated pulse 
vs. incident angle adjustment at qc = ( 1 ) 0, ( 2 ) 1°, ( 3 ) 2° and ( 4 ) 3°. 
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positive  TOD  (see  Table  1).  Once  a  short  piece  of  fibre  is 
introduced into the system, the dispersion compensation con-
dition of the system can be rewritten as 

 
0,
,

GVD GVD GVD GVD
TOD TOD TOD TOD 0

s f m c

c f m c

+ + + =

+ + + =
)   (4)

where the subscript f identifies the inserted fibre. According 
to Eqn  (4),  the TOD-free pulse  can be achieved by using a 
length-optimised silica fibre, whereas the dispersion length Gc 
(or the perpendicular distance) of the compressor should be 
adjusted slightly. In this case, the incident angle ac does not 
need to be adjusted any more. The optimised fibre length Lf 
and the corresponding dispersion length Gc of the compressor 
are given in Table 2. 

The  use  of  silica  fibre  balances  GVD  and  TOD  of  the 
whole system, but brings a new problem: self-phase modula-
tion  (SPM). Actually,  silica  fibre  can be  treated  as  another 
stretcher, and then there are two available two-stage-stretcher 
configurations: the fibre-grating (FG) configuration and the 
grating-fibre (GF) configuration. In the FG configuration, a 
high-energy short pulse from the oscillator is directly coupled 
into the fibre-stretcher and then the grating-stretcher; there-
fore, SPM in the fibre-stretcher is a serious problem. However, 
in  the  GF  configuration,  the  laser  intensity  in  the  fibre-
stretcher  is  reduced  by  around  13000  times  due  to  a  deep 
chirped pulse by the front grating-stretcher, and thereby the 
influence of SPM may be negligible. 

Normalised and relative intensity profiles of compressed 
pulses,  based  on  a  6-mm  core  diameter  single-mode  fibre 
(SMF), are presented in Fig. 4. For an out-of-plane tilt angle 
qc  = 1°, a 30.29-m-long silica fibre is inserted for dispersion 
compensation.  At  qc    =  2°,  use  should  be  made  of  a 
138.57-m-long fibre. In the FG configuration, SPM broadens 
the pulse spectrum, and part of intensity transfers to spectral 
components  located  away  from  the  gain  bandwidth  of  the 
Nd : glass,  which  decreases  the  peak  intensity  (Fig.  4a). 
Besides, as shown in Fig. 4b, SPM also deteriorates the tem-
poral contrast. Consequently, the GF configuration becomes 
the only feasible scheme. At qc  = 2°, the distortion of the peak 
intensity and pulse duration  is not distinct. Compared with 
the  simulation  result  in  the FG configuration,  the degrada-
tion of the temporal contrast is very small, and a 10–16 tempo-
ral contrast 10 ps before the pulse peak can be obtained. In 
our facility, the beam aperture is 320 mm, and the beam path 
from  the  final  amplifier  to  the  compressor  is  around 15 m. 
Thereby, one should use the out-of-plane tilt angle qc  = 1.5° 
and a 75-m-long silica fibre.

3.2. Ti : sapphire system

The Ti : sapphire laser system could support a femtosecond 
pulse due to a wide gain bandwidth, but its output energy is 
limited by a  small physical  size of  the Ti : sapphire crystal. 

We  performed  simulations  for  on  our  planned  multi-pet-
awatt  facility,  which  is  based  on  two  meter-sized  golden 
coated  diffraction  gratings.  A  20-fs  seed  pulse  centred  at 
800  nm will be stretched to 2 ns, amplified to an energy of 
~100  J  and  finally  re-compressed  to  around  40  fs.  The 
stretcher will  have  an Offner  four-pass  single-grating  con-
figuration. The grating density,  the  incident angle and  the 
equivalent grating pair perpendicular distance are chosen to 
be  1740  lines  mm–1,  55°  and  0.4263  m,  respectively.  The 
B-integral of the system is estimated to be around 0.8. The 
total  length  of  Ti : sapphire  and DKDP  crystals  and  BK7 
lenses  is  1.86,  0.86  and  0.19 m,  respectively. The designed 
GVD, TOD and FOD of the dispersion elements within the 
system are given in Table 3. 

In absence of material dispersion, a dispersion-free pulse 
will  be  produced  by  a  stretcher-matched  compressor. 
However,  the  influence  of  material  dispersion,  especially 
TOD and FOD, on  the compressed pulse  in a  femtosecond 
system is much more serious than that in a picosecond system. 
As illustrated above, GVD and TOD for a Nd : glass system 
can be compensated for simultaneously by adjusting the dis-
persion length Gc and the incident angle ac of the compressor. 
Thus, we have designed a  two-pass  two-grating compressor 
configuration.  The  grating  density  is  1740  lines  mm–1,  the 
incident angle is 56.07° and the grating pair perpendicular dis-
tance is 0.8909 m. As shown in Table 3, the compressor could 
compensate for GVD introduced by front elements, and small 
amount of TOD is left for reaching the highest peak intensity 
by compensating the residual FOD. 

Table 2. Dispersion length of fibre (Lf) and compressor (Gc) at different 
out-of-plane tilt angles.

qc /deg Lf /m Gc /m
0 0 1.9926

1 30.29 2.0041

2 138.57 2.0415

3 328.47 2.1069
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Figure 4. (a) Normalised and (b) relative intensities as functions of time 
at qc = 0, 1° and 2° for configuration in which fibre is located behind the 
stretcher  (GF) and  in  front of  the stretcher  (FG). Solid curves corre-
spond to total dispersion compensation at a zero out-of-plane tilt angle. 
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Figure 5a shows the peak intensity of the GVD compen-
sated pulse as a function of the incident angle ac and the out-
of-plane tilt angle qc. One can see that the highest peak inten-
sity can be obtained by adjusting either the incident angle or 
the out-of-plane tilt angle. The same quality compressed pulse 
can be achieved by introducing a 6.26° out-of-plane tilt angle 
to a compressor with a 55°  incident angle  (Fig. 5b).  In  this 
situation, the nonzero out-of-plane tilt angle at the compres-
sor helps to avoid the amplifier damage caused by the RRP 
and to compensate for the system dispersion. In most cases, 
the out-of-plane tilt angles for the RRP suppression and for 
dispersion  compensation  are  different.  In  our  future multi-
petawatt facility, the beam aperture is 250 mm, and the beam 
path  from  the  final  amplifier  to  the  compressor  is  around 
10  m. This means that an out-of-plane tilt angle of 1.5° and an 
out-of-plane  tilt  angle of 6.26° are  required  to  suppress  the 
RRP  and  to  compensate  for  dispersion,  respectively;  how-
ever,  at qc =  6.26°,  both  requirements  are met.  If  the  6.26° 
out-of-plane  tilt angle  is  too  large, as shown  in Fig. 5a,  the 
highest peak intensity could be maintained by increasing the 
incident angle and reducing the out-of-plane tilt angle, simul-
taneously. 

Note that in this configuration an increase in the inci-
dent angle will not cause the insertion of the second grat-
ing into the incident beam. On the contrary, if a very large 
out-of-plane tilt angle is required to suppress the RRP (as 
discussed in the previous section), the dispersion compen-
sation problem can be  solved by  inserting a  length-opti-

mised fibre between the grating-stretcher and the ampli-
fier. 

4. Conclusions

The RRP is an important problem that determines the actual 
application of OIGST in an ultra-short, ultra-high, for exam-
ple petawatt-level, CPA laser system. Slightly tilting the inci-
dent beam of the compressor to the grating-groove direction 
(out-of-plane tilt angle) can prevent the incidence of the RRP 
into amplifiers, but leads to distortion of dispersion and tem-
poral characteristics of  the compressed pulse. Based on our 
Nd : glass picosecond petawatt  laser  facility,  a useful  simple 
method for TOD compensation is presented, which is based 
on  introducing  a  length-optimised  silica  fibre  between  the 
stretcher and the amplifier chain and slightly  increasing  the 
grating pair distance of the compressor. The simulation result 
shows  that  the peak  intensity, pulse duration and  temporal 
contrast can be preserved compared to the case when the out-
of-plane tilt angle is equal to zero.

In  our  future  Ti : sapphire  femtosecond  multi-petawatt 
laser  facility,  instead of breaking  the balance of  the  system 
dispersion, the out-of-plane tilt angle of the incident beam at 
the compressor can be used  to compensate  for  the material 
dispersion. Apart  from solving  the RRP problem,  the peak 
intensity and the pulse duration can be improved. 

Note that FOD is taken into account in our simulation, 
but  no  compensation  solution  is  included.  For  a  higher 

Table 3. GVD, TOD and FOD for a Ti : sapphire system.

Dispersion element Dispersion length/m GVD/fs2 TOD/fs3 FOD/fs4

Stretcher 0.4263 ´ 4 8.4883 ´ 106 –2.3635 ´ 107 1.0744 ´ 108

Ti : sapphire crystal 1.86 1.1042 ´ 105 7.7610 ´ 104 –2.6624 ´ 104

DKDP crystal 0.86 3.0327 ´ 104 3.2025 ´ 104 –1.8302 ´ 104

BK7 lens 0.19 8.4721 ´ 103 6.0867 ´ 103 –2.0083 ´ 103

Compressor (ac = 56.07°) 0.8909 ´ 2 –8.6375 ´ 106 2.3585 ´ 107 –1.0521 ´ 108

Total system (ac = 56.07°) 0 6.5652 ´ 104 2.1846 ´ 106

Compressor (qc = 6.26°) 0.8920 ´ 2 –8.6375 ´ 106 2.3583 ´ 107 –1.0502 ´ 108

Total system (qc = 6.26°) 0 6.3722 ´ 104 2.3731 ´ 106
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Figure 5. (a) Normalised peak intensity of a GVD compensated pulse as a function of incident angle and out-of-plane tilt angle as well as (b) time 
dependence of the normalised pulse intensity at (solid curve) qc = 6.26°, ac = 55° and (dashed curve) qc = 0, ac = 56.07°. The inset shows the same 
dependence on an enlarged scale.
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requirement, especially <30-fs lasers, a FOD-free method is 
needed, which will be considered elsewhere.
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