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Large-aperture ultrashort ultrahigh intensity laser systems are able to achieve unprecedented super-high peak
power. However, output power from a single laser channel is not high enough for some important applications
and it is difficult to improve output power from a single laser channel significantly in the near future. Coherent
beam combining is a promising method which combines many laser channels to obtain much higher peak power
than a single channel. In this work, phase effects of coherent beam combining for large-aperture ultrashort laser
systems are investigated theoretically. A series of numerical simulations are presented to obtain the requirements
of spatial phase for specific goals and the changing trends of requirements for different pulse durations and num-
ber of channels. The influence of wavefront distortion on coherent beam combining is also discussed. Some
advice is proposed for improving the performance of combining. In total, this work could help to design a prac-
tical large-aperture ultrashort ultrahigh intensity laser system in the future. © 2015 Optical Society of America

OCIS codes: (140.3298) Laser beam combining; (220.4830) Systems design; (140.7090) Ultrafast lasers.
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1. INTRODUCTION

Ultrashort ultrahigh intensity laser systems are becoming more
and more important due to their numerous applications in
spectroscopy, material processing, secondary radiation genera-
tion, high-energy particle acceleration, advanced attosecond
science, laser-based nuclear physics, and high-energy laboratory
astrophysics [1,2]. Many efforts have been made to improve
peak power of femtosecond sources to multi-petawatt (PW)
even ten PW level [3]. However, output peak power is limited
by various factors, for instance, damage threshold, thermo-
optic effects, nonlinear effects, brightness of the pump source,
and so on [4].

In order to reduce the impact of these traditional perfor-
mance limitations, temporal and spatial scaling of the laser
pulses have been demonstrated. The temporal scaling can be
realized by the well-known techniques of chirped pulse ampli-
fication (CPA) [5] and optical parametric chirped pulse ampli-
fication (OPCPA) [6]. In these techniques, temporally stretched
pulses are amplified so that the peak power of the pulses could
be reduced considerably during amplification and nonlinear ef-
fects are mitigated. So far, for a single-channel laser system, the
peak intensity has been improved to about 2 × 1022 W · cm−2

by using CPA [7], and it is very hard to improve significantly in
the near future. For example, the peak intensity claimed for the
planned single-channel laser systems Apollo10P and Vulcan10P
is about 1023 W · cm−2 [8,9]. Spatial scaling, namely, coherent
beam combining [10], is a method to improve the performance
of ultrashort CPA systems further. A pulse is split into N beams
spatially, and then the beams are amplified, respectively. Subse-
quently, all pulses are coherently recombined into one single
beam and the peak output power is increased by a factor of N
[11]. Many projects, such as the Extreme Light Infrastructure
(ELI) [12] and the Exawatt Center for Extreme Light Studies
(XCELS) [13] are planning to utilize this method. In these
projects, it is planned to obtain about 1025 W · cm−2 peak
intensity [14].

It is well known that the femtosecond pulse regime is essen-
tial to achieve the highest peak power. The coherent combining
of continuous waves (CWs) and long pulsed waves, amplified
in bulk, fiber and semiconductor amplifiers, has been inten-
sively researched in the past decades. However, the short pulse
has been coherently combined just recently [15]. In the ultra-
short pulsed regime, the largest number of combined beams is
4 [16,17], the highest pulse energy is 100 mJ (peak power is
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4 TW) [18], the highest peak intensity is 1020 W · cm−2 [19],
and the shortest pulse duration is 23 fs [18,19]. However, all
these results above are based on fiber or small aperture bulk
amplifiers. The large-aperture ultrashort coherent beam com-
bining has not been realized experimentally and even the theo-
retical analysis is minimal [20,21], although large-aperture
OPCPA or CPA is considered as the most hopeful approach
for a ten PW system.

In this paper, we investigate the phase effects of coherent
beam combining in large-aperture ultrashort ultrahigh intensity
laser systems. This research is meaningful for practical large-
aperture ultrashort laser beam coherent combining. The paper
is organized as follows. Section 2 presents a physical model of
ultrashort pulse coherent beam combining. Numerical simula-
tion results and some important properties are described in
Section 3 and Section 4. Conclusions are drawn in Section 5.

2. THEORETICAL MODEL

Wavefront distortion is an important issue for combining large-
aperture systems since it markedly affects the performance.
Moreover, ultrashort pulses have wider spectra which could
affect the far-field intensity distribution. Therefore, wavefront
distribution and spectrum effects are two characteristics that
must be considered in a model for coherent beam combining
of large-aperture ultrashort ultrahigh intensity laser systems.

The electric field of ultrashort pulse can be represented as
the vector summation of the electric field of different frequency
components, and the electric field expression in the frequency
domain is the Fourier transformation of that in time domain

ε�x; y; t� � 1

2π

Z
∞

−∞
E�x; y;ω� exp�iωt�dω;

E�x; y;ω� �
Z

∞

−∞
ε�x; y; t� exp�−iωt�dt; (1)

where ε�x; y; t� represents the time domain expression at spatial
coordinate �x; y�, and E�x; y;ω� is the corresponding frequency
domain expression.

In multichannel coherent beam combining, the near field
distribution of the frequency component ω1 has the following
expression:

E1�x; y;ω1� �
XM
m�1

XN
n�1

Emn�x; y� exp�iϕmn�x; y�� exp�−iω1t�;

(2)

where �x; y� is the coordinate of the near field, E1�x; y;ω1� is
the near field distribution of the frequency component ω1, and
Emn�x; y� and exp�iϕmn�x; y�� represent the amplitude and
phase of each channel, respectively. Besides, exp�−iω1t� reflects
the electric field varying over time for this frequency compo-
nent. This paper focuses on the relationships between the per-
formance of combining and ϕmn�x; y�.

Assuming that the shape of the aperture of all channels is
square, the shape of the aperture (as shown in Fig. 1) and
the amplitude can be represented as

Emn�x; y� � rect

�
x − mdx

wx

�
× rect

�
y − nd y

wy

�
; (3)

where w and d are the beam aperture and the distance between
beams, respectively, and m and n are indices of beams.

The far-field distribution of the frequency component ω1

can be represented as

E2�f x ; f y;ω1� �
1

λ1f

Z
E1�x; y;ω1�

× exp�−2πi�f xx � f yy��dxdy; (4)

where λ1 is the wavelength corresponding to frequency com-
ponent ω1, f is the focal length of the lens, and �f x; f y� is
the coordinate of the focal plane.

Since the amplitudes of different frequency components are
different, for each component, the focal plane electric field ex-
pression could be expressed asffiffiffiffiffiffiffiffiffiffi

I�ω�
p

E2�f x ; f y;ω�; (5)

where I�ω� is the spectrum distribution of an ultrashort pulse,
which reflects the amplitude variation of different frequency
components.

Many different frequency components propagate to the
focal plane independently. The focal plane electric field is the
vector summation of the far-field electric field distribution of
different frequency components.

Therefore, the time domain expression of the focal plane
electric field is

ε2�f x ; f y; t� �
1

2π

Z ffiffiffiffiffiffiffiffiffiffi
I�ω�

p
E2�f x ; f y;ω� exp�−iωt�dω:

(6)

We can obtain the intensity of the far field as

I 2�f x; f y� �
Z

τ

0

jε2�f x ; f y; t�j2dt; (7)

where τ is the response time of the focal plane array.

Fig. 1. Diagram of the near field of coherent beam combining.

9940 Vol. 54, No. 33 / November 20 2015 / Applied Optics Research Article

https://www.researchgate.net/publication/263931446_Coherent_combining_of_multimillijoule_parametric-amplified_femtosecond_pulses?el=1_x_8&enrichId=rgreq-1b80cf8dbd9bc22b680554b00cd4913a-XXX&enrichSource=Y292ZXJQYWdlOzI4NDIwNTUxOTtBUzozMDUzOTg3MzE0NzcwMDBAMTQ0OTgyNDEzOTY3Ng==
https://www.researchgate.net/publication/263931446_Coherent_combining_of_multimillijoule_parametric-amplified_femtosecond_pulses?el=1_x_8&enrichId=rgreq-1b80cf8dbd9bc22b680554b00cd4913a-XXX&enrichSource=Y292ZXJQYWdlOzI4NDIwNTUxOTtBUzozMDUzOTg3MzE0NzcwMDBAMTQ0OTgyNDEzOTY3Ng==
https://www.researchgate.net/publication/276368092_Coherent_combining_of_relativistic-intensity_femtosecond_laser_pulses?el=1_x_8&enrichId=rgreq-1b80cf8dbd9bc22b680554b00cd4913a-XXX&enrichSource=Y292ZXJQYWdlOzI4NDIwNTUxOTtBUzozMDUzOTg3MzE0NzcwMDBAMTQ0OTgyNDEzOTY3Ng==
https://www.researchgate.net/publication/276368092_Coherent_combining_of_relativistic-intensity_femtosecond_laser_pulses?el=1_x_8&enrichId=rgreq-1b80cf8dbd9bc22b680554b00cd4913a-XXX&enrichSource=Y292ZXJQYWdlOzI4NDIwNTUxOTtBUzozMDUzOTg3MzE0NzcwMDBAMTQ0OTgyNDEzOTY3Ng==
https://www.researchgate.net/publication/262692217_Super-intense_femtosecond_multichannel_laser_system_with_coherent_beam_combining?el=1_x_8&enrichId=rgreq-1b80cf8dbd9bc22b680554b00cd4913a-XXX&enrichSource=Y292ZXJQYWdlOzI4NDIwNTUxOTtBUzozMDUzOTg3MzE0NzcwMDBAMTQ0OTgyNDEzOTY3Ng==


For the case that all channels are square, Eqs. (1)–(7) are
enough to discuss phase effects of coherent beam combining
for large-aperture ultrashort laser systems.

To evaluate the performance of combining, we prefer to use
the Strehl ratio (SR) and the encircled energy (EC) in the dif-
fraction limit to represent peak intensity information and the
concentration of energy, respectively [7]. Moreover, the Strehl
ratio of encircled energy (SRdl) is also used for evaluating the
concentration of energy since it may be a practical design goal
in some specific cases [22]. The definition of this metric is the
ratio of the power in a certain bucket for actual far-field inten-
sity distribution and the power in the same bucket for perfectly
flat wavefront far-field intensity distribution.

In order to investigate the influence of wavefront error on
the performance of combining, we use the peak-to-valley (PV)
of the wavefront error and the root mean square (RMS) of the
wavefront error to reflect the amplitude of the wavefront error
variation and the property of diffusion of the laser beam, re-
spectively. Besides, the root mean square of the gradient of
the wavefront error (GRMS) and the peak-to-valley of the gra-
dient of the wavefront error (GPV) are used to represent the
property of focusing of the laser beam [23].

3. REQUIREMENTS FOR EACH BEAM’S OWN
WAVEFRONT ERROR FOR LARGE-APERTURE
ULTRASHORT LASER SYSTEMS COHERENT
BEAM COMBINING

Each beam’s own wavefront error refers to the difference be-
tween each channel’s wavefront and flat wavefront. If the wave-
front of the beam is not perfectly flat, energy could not be
focused on the focal point well. It decreases performance of
combining significantly due to the degeneration of the peak
intensity and the concentration of energy. To explain the physi-
cal meaning of our discussion more clearly, the influence of
each beam’s own wavefront error on two-channel large-aperture
coherent beam combining is shown in Fig. 2. Figures 2(a) and
2(b) are each the beam’s own wavefront in the case of SR = 0.8
and SR = 0.3, respectively. Figures 2(c) and 2(d) are corre-
sponding normalized far-field intensity distributions for the

beam combined system. It is clear that far-field intensity dis-
tribution degenerates considerably when each beam’s own
wavefront error becomes greater.

Based on the theoretical model discussed in Section 2, this
section discusses the influence of each beam’s own wavefront
error on coherent beam combining. Taking into account the
complexity of coherent beam combining, the Monte Carlo
method is used to find the relationships between wavefront
and performance of combining. Some meaningful parameters
can be obtained by data fitting [24].

First, we discuss coherent beam combining of two large-
aperture ultrashort laser beams. Second, the influence of pulse
duration and the number of channels combined are discussed.
In our numerical simulation, we set the central wavelength and
the pulse duration to 910 nm and 25 fs, respectively, which are
the parameters of Russian XCELS laser. The size of the British
Vulcan10P laser, 150 mm � 150 mm, is also used in our nu-
merical simulation. We assume that the pulses are transform-
limited. All the other parameters are set to reasonable values in
terms of their time-bandwidth product. The values are listed in
Table 1, with the near-field distribution presented in Fig. 3.

In order to simulate different wavefront errors, a series of
random phase screens are produced by [23]

ϕ�x; y� � random�−1; 1� ⊗ exp

�
−

��
x
sgx

�
2

�
�

y
sgy

�
2
��

;

(8)

where random�−1; 1� is a uniformly distributed random number
sequence in the range of −1 and 1. ⊗ represents convolution.

(a) (b)

(c) (d)

Fig. 2. (a), (b) Each beam’s own wavefront for the case of SR = 0.8
and SR = 0.3, respectively. (c), (d) Corresponding normalized far-field
intensity distribution for the beam combined system.

Table 1. Parameters of the Numerical Simulation Model

Parameters Values

Central wavelength 910 nm
Pulse duration 25 fs (transform-limited)
Spectrum Super-Gaussian (with random

fluctuation, shown as Fig. 4)
Spatial distribution of each
beam’s near field

10th order Super-Gaussian

Distance between beams 10 mm
Aperture of each beam 150 mm � 150 mm
Focal length 2 m

x (m)

Y
(m

)
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-0.1

0

0.1

0.2

Fig. 3. Near-field distribution.
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sgx and sgy are the parameters corresponding to the spatial dis-
tribution of low frequency phase. We set sgx and sgy in the
range of 2 and 12 cm.

In order to discuss the relationships between each beam’s
own wavefront error and performance of combining, we set two
beam phases to the same phase screen and calculate perfor-
mance evaluation indices for this case. Then, the two beam
phases are set to another phase screen (wavefronts of all the
beams are same) and we calculate performance evaluation in-
dices again. Repeating this process many times, we can find
relationships between each beam’s own wavefront error and
the performance of combining by data fitting.

The results are presented in Fig. 5. The relationship between
EC and SR is plotted in Fig. 5(a), and the relationship between
SRdl and SR is plotted in Fig. 5(b). There is a set of approximate

linear relationships among EC, SR, and SRdl. Figures 5(c)–5(f)
represent the relationships between parameters (PV, RMS, GPV,
and GRMS) of each beam’s own wavefront and SR, respectively.
Because energy could not be focused on the focal point well, SR
decreases dramatically when the wavefront degenerates. Besides,
we find that the performance of combining increases rapidly if
we make wavefront parameters better than certain values. One
possible explanation for this phenomenon is that much more
subaperture can be phased together when wavefront parameters
are better than these values. In this case, the size of the focal spot
decreases quickly according to the above discussion. That leads
to a marked increase in peak intensity.

For this system, the certain values are about PV � 1.31λ,
RMS � 0.77λ, GPV � 0.38λ∕cm, and GRMS � 0.28λ∕cm.
If we make our parameters better than these values, a small im-
provement in wavefront parameters could lead to a considerable
improvement in performance. In a practical design, we should try
our best to make our parameters better than these values. We
assume a series of goals and list corresponding wavefront require-
ments in Table 2. It can be used as a design reference in the future.

We would like to discuss the changing trends of perfor-
mance with some important parameters. First, in order to dis-
cuss the relationships between performance and pulse duration,
pulse duration is set to 15, 20, and 30 fs, respectively. All the
other parameters remain unchanged. By the methods discussed
above, a series of fitted curves are plotted in Fig. 6. Data points
have been hidden for convenience. The relationships among
three evaluation indices of performance are shown in Figs. 6(a)
and 6(b). Figures 6(c)–6(f ) are the relationships between para-
meters of each beam’s own wavefront and SR.

Most of the fitted curves are similar, which means that, for
transform-limited ultrashort pulse coherent beam combining,
requirements for each beam’s own wavefront error are nearly
the same as that for continuous wave coherent beam combin-
ing. However, for the case of small wavefront error, the require-
ments are slightly higher when we shorten the pulse duration.
The reason is that the wavefront characteristics of different fre-
quency components are similar in the focal plane for the trans-
form-limited short pulse.

In some situations, we need to combine more than two
channels. Therefore, it is valuable to discuss the relationships
between requirements for each beam’s own wavefront error and
the number of channels. Shown as Fig. 7, the requirements are
nearly the same and performance degenerates if we combine
more channels in the case of small wavefront error.

The possible reason is that the influence of combining
more channels is small. In the case of small wavefront error, the
influence is more obvious. Combining more channels leads to
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Fig. 4. Spectrum of incident light.

Fig. 5. (a)–(f ) Effect of each beam’s own wavefront error on two
25 fs transform-limited large-aperture coherent beam combining.

Table 2. Requirements for Each Beam’s Own Wavefront
Error Parameters Corresponding to Design Goals

Requirements for Each Beam’s Own Wavefront
Error

Goals PV�λ� RMS�λ� GPV�λ∕cm� GRMS�λ∕cm�
EC > 0.5 0.154 0.097 0.042 0.035
SR > 0.8 0.179 0.104 0.049 0.041
SRdl > 0.8 0.196 0.109 0.053 0.045
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the larger size of total aperture, and performance would degen-
erate if the wavefront error of each channel remains unchanged.

Combining more than two channels may be a good choice
from the point of phase effects of coherent beam combining.
The requirements will not change obviously and the higher
peak power can be obtained in this situation.

4. REQUIREMENTS FOR THE DIFFERENCE
AMONG BEAMS’ WAVEFRONTS FOR LARGE-
APERTURE ULTRASHORT LASER SYSTEMS
COHERENT BEAM COMBINING

There are three kinds of differences among beams’ wavefronts:
piston, pointing (also known as tip/tilt), and a high-order dif-
ference among beams’ wavefronts. All of these errors are dis-
cussed in Section 4.

A. Piston
Piston error could change far-field distribution dramatically
due to the intrinsic nature of interference. There are many pa-
pers focusing on this topic [17,23,25–28]. However, most of
the papers did not pay attention to the relationships between
requirements for each beam’s own wavefront and piston error.
Since it is an important issue in large-aperture systems, some
numerical simulations are carried out. The results are repre-
sented in Fig. 8.

The relationships between three evaluation indices of per-
formance are shown as Figs. 8(a) and 8(b). Figures 8(c)–8(f )
are the relationships between parameters of each beam’s own
wavefront and SR. The curves are fitted curves for different
pistons. All the other parameters are set to the same as param-
eters in Section 3.
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Fig. 6. (a)–(f ) Relationships between each beam’s own wavefront
error and performance of combining for different pulse durations
(CW represents continuous wave, and 15, 20, 25, and 30 fs are
the pulse durations).
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error and performance of combining for different numbers of
channels.
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Fig. 8. (a)–(f ) Relationships between each beam’s own wavefront
error and performance of combining for different piston.
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The changing trends of these curves are all similar. These
curves converge to the same SR for different pistons when each
beam’s own wavefront error increases. It means that the piston
does not affect the performance of combining markedly in the
case of large wavefront error. For the case of small wavefront
error, the piston affects the performance of combining consid-
erably. We find that requirements become stricter when the
piston error increases and that the maximum obtainable SR
decreases due to the existence of the piston.

One reasonable explanation is that the piston would affect
the intensity profile dramatically. It can lead to the degeneration
of performance. This influence is obvious in the case of small
wavefront error. However, in the case of large wavefront error,
energy could not be focused on the focal point well. Peak in-
tensity will be low and almost remain unchanged, even though
the intensity profile has changed a lot due to piston error.

In the case of SR > 0.5, requirements for each beam’s own
wavefront error for different pistons are plotted in Fig. 9. The
independent variable of Figs. 9(a)–9(d) is the piston and the
dependent variables of Figs. 9(a)–9(d) are the requirements
for PV, RMS, GPV, and GRMS corresponding to our perfor-
mance goal, respectively.

We find that derivative of the wavefront requirements for
a large piston is larger than that for a small piston. A possible
reason is that the influence of the piston is not linear. A small
piston is essential for a successful large-aperture coherent beam
combining system. Relationships between SR and piston for dif-
ferent wavefronts are presented in Fig. 10. For large-aperture ul-
trashort laser systems coherent beam combining, SR exhibits
similar periodic variations over the piston for different wavefront
errors, and a larger wavefront error leads to a lower SR.

B. Pointing
Pointing error makes beams that can’t overlap well. It is another
important factor that degenerates the performance of combin-
ing [23,26,29,30]. However, most previous papers focus on the

case of a small aperture. We would like to discuss the relation-
ships between requirements for each beam’s own wavefront and
pointing error in large-aperture systems. There are two kinds of
pointing error: tip and tilt. For simplicity, we do not draw on
the results of the influence of tilt since they are similar to the
results of the influence of tip. Our simulation results are rep-
resented in Fig. 11.

In Fig. 11, the meaning of the subgraphs are similar to their
counterparts in Fig. 8. Curves are fitted curves for different tips.
All the other parameters are set to the same parameters as in
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Fig. 9. (a)–(d) With SR > 0.5 as a goal, for example, relationships
between the piston and requirements for each beam’s own wavefront error.
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error and performance of combining for different tip.
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Section 3. We find that the influence of the pointing error is
very similar to the influence of the piston. For the case of large
wavefront error, the pointing error also has a small influence on
performance. For the case of small wavefront error, the pointing
error also affects performance considerably. The possible reason is
similar to the reason in the discussion about influence of the piston.

In the case of SR > 0.5, requirements for each beam’s own
wavefront error for different tips are plot in Fig. 12. It is similar
to the discussion of the piston. As shown in the figures, little
pointing error has great influence on the performance in the
case of small wavefront error. Besides, piston and pointing er-
rors are usually easier to be corrected than each beam’s own
wavefront error. Therefore, for a practical system, we should
first make piston and pointing errors as small as possible before

correcting wavefront error. Relationships between SR and tip
for different wavefronts are presented in Fig. 13. When each
beam’s own wavefront error becomes greater, the SR decreases
quickly.

C. High-Order Difference among Beams’ Wavefronts
In previous works, this topic has not been paid much attention,
but it may be another important factor to decrease the perfor-
mance of combining in large-aperture ultrashort laser systems.
We assume that there are no piston and pointing errors in this
section. To illustrate the meaning of this parameter, we plot
Fig. 14. Figure 14(a) is the phase of channel A, which is one
of the two channels used to build a coherent beam combining
system. Figure 14(b) is the phase of channel B, which is another
channel of a two-channel coherent beam combining system.
Figure 14(c) is the phase difference of channel A and channel
B. That phase difference is the physical meaning of the high-order
difference among beams’ wavefronts. According to the theory of
interference, the high-order difference among beams’ wavefronts
also impact the far-field intensity distribution. For large-aperture
systems, it may have a significant impact on performance.

In order to explain the physical meaning of our discussion
more clearly, Figs. 15 and 16 are plotted. Figures 15(a)–15(d)
are the wavefront of channel A, the wavefront of channel B, the
phase difference of channel A and channel B, and the far-field
intensity distribution, respectively, for the case of SR � 0.8.
Figures 16(a)–16(d) show the corresponding results for the case
of SR � 0.3.

In the latter case, the high-order difference among the
beams’ wavefronts is much greater than that in the former case.
It results in degeneration of the far-field intensity distribution.
Due to this degeneration, peak power and concentration of
energy decrease considerably.

We use a similar approach to that discussed in Section 3,
whereby variables are changed to parameters of the high-order
difference among beams’ wavefronts. Besides, we set each chan-
nel’s phase to different phase screens in our discussion.

The simulation results are represented in Fig. 17 and they
are similar to the results in Section 3. The meanings of the sub-
graphs are similar to their counterparts in Fig. 5. We find that
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Fig. 12. (a)–(d) With SR > 0.5 as goal, for example, relationships
between the tip and requirements for each beam’s own wavefront error.
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Fig. 14. Meaning of the high-order difference among beams’ wave-
fronts. (a) Phase of channel A, (b) phase of channel B, and (c) phase
difference of channel A and channel B.
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the performance of combining increases rapidly if we make wave-
front parameters better than certain values, too. The possible rea-
son is that the small-wavefront-difference subaperture enlarges
quickly when wavefront parameters are better than the certain val-
ues. Much higher peak powers can be obtained in this situation.

For this case, the values are about PV � 1.57λ, RMS �
1.19λ, GPV � 0.49λ∕cm, and GRMS � 0.40λ∕cm. We
should try our best to meet these requirements. We also list
requirements corresponding to different performance goals
in Table 3, which would be useful to design a practical system.

In order to discuss the relationships between high-order
differences among the beams’ wavefronts and performance
of combining for different pulse durations, the approach similar
to that discussed in Section 3 is used. Our results are repre-
sented in Fig. 18. Figures 18(a) and 18(b) are the relationships
between three evaluation indices of performance. Figures 18(c)–
18(f) are the relationships between parameters of high-order dif-
ference among beams’ wavefronts and SRs.

Shown as the fitted curves in Fig. 18, for transform-limited
ultrashort pulse coherent beam combining, requirements for

high-order differences among beams’ wavefronts are the nearly
same for different pulse durations. The reason may be that the
wavefront characteristics of different frequency components are
similar, which is the same as the discussion about the influence
of each beam’s own wavefront error. Pulse duration is not a
key factor that affects requirements for high-order differences
among beams’ wavefronts.

Because there are more than two wavefront differences that
can be used in the evaluation, in order to evaluate the perfor-
mance in the case of combining more than two channels, we
have to modify our evaluation method. First, the wavefront of
two beams are set to a specific one. In our case, the specific
wavefront makes SR equals to 0.8. We set one of the channels
as the reference and the wavefront of this channel remains un-
changed in our discussion. We change the wavefront of other
channels randomly and use the mean of the difference between
the wavefront of the reference channel and other channels as

(a) (b)

(c) (d)

Fig. 16. (a), (b), (c), (d) Wavefront of channel A, wavefront of
channel B, phase difference of channel A and channel B, and far-field
intensity distribution, respectively, for the case of SR � 0.3.

Fig. 17. (a)–(f ) Effect of high-order difference among beams’ wave-
fronts on two 25 fs transform-limited large-aperture coherent beam
combining.

Table 3. Requirements for the High-Order Difference
among Beams’ Wavefronts Corresponding to Design
Goals

Requirements for the High-Order Difference
among Beams’ Wavefronts

Performance
Goals

PV�λ� RMS�λ� GPV�λ∕cm� GRMS�λ∕cm�

EC > 0.5 0.197 0.101 0.050 0.043
SR > 0.8 0.207 0.118 0.055 0.047
SRdl > 0.8 0.221 0.138 0.062 0.051

(a) (b)

(c) (d)

Fig. 15. (a), (b), (c), (d) Wavefront of channel A, wavefront of
channel B, phase difference of channel A and channel B, and far-field
intensity distribution, respectively, for the case of SR � 0.8.
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the evaluation index. Then, corresponding wavefront error
parameters are calculated. Our results are represented in Fig. 19.

In the case of a small high-order wavefront difference, re-
quirements for the mean high-order wavefront difference are

similar since there is no difference between combining different
numbers of channels in the case of a small wavefront error.
Moreover, when the high-order wavefront difference increases,
curves converge to different SRs, which become lower when
combining more channels. The possible reason may be that
more channels correspond to a larger total size of apertures
and a greater possibility of destructive interference.

Taking into account the results in Section 3, combining
more than two channels should be a good choice from the
point of requirements for each beam’s own wavefront error
and requirements for the mean high-order wavefront differ-
ence. Requirements will not change obviously and higher peak
powers can be obtained in this case.

5. CONCLUSION

In conclusion, this paper focuses on phase effects of large-
aperture ultrashort laser systems coherent beam combining
technology. A model is built to describe the coherent beam
combining process for ultrashort pulses. With a series of
numerical simulations, we obtain the requirements for phase
parameters for an assumed two-channel large-aperture ultra-
short laser system’s coherent beam combining. Some changing
trends of requirements for wavefront parameters are also pre-
sented. We find that the performance of combining increases
rapidly if we make wavefront parameters better than certain
values. For different pulse durations, the relationships are
nearly same. Shorter pulse duration would not affect require-
ments for each beam’s own wavefront error and high-order
differences among beams’ wavefronts significantly. In the case
of combining more than two channels, we find that combining
more than two channels should be a good choice from the point
of requirements for each beam’s own wavefront error and
requirements for the mean high-order wavefront difference.
Moreover, we find that piston and pointing errors have little
influence on the performance of combining for the case of large
wavefront error, but affects the performance of combining con-
siderably for the case of small wavefront error. Higher piston or
pointing error results in stricter requirements for each beam’s
own wavefront and smaller maximum obtainable SR. All of
these works are helpful for designing a practical system in the
near future to achieve unprecedented super-high peak powers.
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