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Based on the premise that further improvements to the size and damage threshold of large-aperture optical com-
ponents are severely limited, coherent beam combining (CBC) is a promising way to scale up the available peak
power of pulses for ultrashort ultrahigh intensity laser systems. Spectral phase effects are important issues and
have a significant impact on the performance of CBC. In this work, we analyze systematically factors such as
spectral dispersions and longitudinal chromatism, and get the general spectral phase control requirements of
CBC for ultrashort ultrahigh intensity laser systems. It is demonstrated that different orders of dispersion in-
fluence intensity shape of the combined beam, and high-order dispersions affect the temporal contrast of the
combined beam, while the number of the channels to be combined has little impact on the temporal Strehl ratio
(SR) of the combined beam. In addition, longitudinal chromatism should be controlled effectively since it has a
detrimental effect on the combined beam at the focal plane, both temporally and spatially. © 2016 Optical Society

of America

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

In recent years, there is a growing interest in creation of ultra-
short ultrahigh intensity laser systems [1,2]. The ultrarelativis-
tic intensity conditions (>1023 W∕cm2) in these systems
provide great opportunity for investigation and application
of many research fields, such as laser-plasma electron and
ion acceleration, hard x-ray and radiation generation, relativistic
self-focusing, and so on [3,4]. To this day, the maximum avail-
able intensity for a single laser is about 2 × 1022 W∕cm2.
Owing to that the peak power of a single laser source is
restricted by an optical element aperture, damage threshold
of materials, a thermo-optical issue, and a detrimental nonlin-
ear effect, it is difficult to further increase the peak intensity of a
single channel laser system greatly. For example, the planned
peak intensities in the systems of Apollo-10P and Vulcan
10P are 1023–1024 W∕cm2 [2,5].

Coherent beam combining (CBC) is the most promising
way to scale up the available peak power while preserving
the beam quality of individual laser systems, and high peak

power is just the constant pursuit of ultrashort ultrahigh inten-
sity pulse systems [6,7]. All approaches of CBC could be di-
vided into two groups: tiled-aperture combining and filled-
aperture combining. According to the former all beams are
placed side by side and simultaneously combined in the focal
plane of the focusing element. In the latter all beams are over-
lapped on beam splitters, polarizers, or dichroic mirrors.

Coherent combining of amplified laser beams was first
implemented for continuous wave (CW) lasers and a long
pulsed regime where thermal problems dominate. Recently,
it has been extended to a short pulsed regime, namely picosec-
ond pulses and even femtosecond pulses, including the com-
bining of pulses amplified in fiber amplifiers and in bulk
active media (laser or parametric amplification) [6,8,9]. In
large-aperture ultrashort ultrahigh intensity laser systems,
CBC is strongly demanded due to the urgent need for higher
peak power density and severe constraints of optical elements’
size and damage threshold. CBC is already planned to be used
in large international facilities such as advanced radiographic
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capability (ARC), petawatt aquitaine laser (PETAL), fast ignition
realization experiment (FIREX), extreme light infrastructure
(ELI), and exawatt center for extreme light studies (XCELS)
[10,11]. Many important techniques such as phase measure-
ments and controls, synchronization measurements and controls,
and longitudinal chromatism measurements and compensations
have been developed. However, there is still a great challenge to
realize efficient CBC for large-aperture ultrashort ultrahigh in-
tensity pulse laser systems, including coherent combining theo-
ries, error measurements, and controls.

In the theoretical investigation of CBC, the impact of spatial
aspects such as random tilts and offset on the combining effi-
ciency was estimated [12]. Leshchenko investigated the depend-
ence of the combining efficiency on different misalignments and
the number of combining pulses [13]. Our group has studied the
spatial phase control requirements of CBC for ignition scale
facilities and large-aperture ultrashort ultrahigh intensity laser fa-
cilities systematically [14,15]. Klenke et al. studied the impact of
temporal and spectral effects such as self-phase modulation and
dispersion between the pulses [16]. However, the above-
mentioned investigations mainly focus on the aspects of spatial
physical parameters about wave front or some temporal charac-
teristics of pulses for CBC. The systematical theories of
temporal and spectral aspects for beam combining are minimal
[17,18]. These important problems should be of concern and
solved primarily when CBC develops toward combining of
large-aperture ultrashort ultrahigh intensity laser systems.

To understand spectral phase effects and get the control re-
quirements of CBC for ultrashort ultrahigh intensity laser sys-
tems, we analyzed the fundamental physical process of CBC
systematically in a temporal-spectral domain and revealed fun-
damental physical factors referred to the CBC process in this
paper. Based on the physical analysis, we investigated the in-
fluence mechanism and level of the above fundamental factors
for efficient CBC of ultrashort laser systems systematically.
Finally, we give the core control requirements of factors in typ-
ical ultrashort pulse CBC systems. It is noted that a nonlinear
spectral phase such as self-phase modulation is not the scope of
this paper, owing to many discussions in former literature,
where it has been confirmed experimentally that for low non-
linearity systems with B < π, this effect is negligible [18–20].
The paper is organized as follows. In Section 2 we lay out the
basic principles of coherent combining for ultrashort pulse laser
systems. In Section 3, we analyze the effects of spectral factors
on the combining result and report spectral phase control re-
quirements of efficient CBC for ultrashort pulses. In Section 4,
we investigate the space–time effects on coherent combining
results. Section 5 is the conclusion of this work.

2. THEORETICAL MODEL

In this section, we lay out basic considerations in ultrashort
optical pulses to describe coherent combining of ultrashort
pulses. Then we examine theoretically how spectral factors in-
fluence the performance of a combined pulse. The main differ-
ence between coherent combining in an ultrashort pulse and
CW regime is that the spectrum of an ultrashort pulse extends
over a large bandwidth. Therefore, excellent coherent combin-
ing of ultrashort pulses needs a spectral phase matching over the

whole optical bandwidth. The spatial effects considered in
CBC of CW and pulsed laser are the same. Because of this,
we concentrate on spectral aspects, while assuming all beams
have the same perfect spatial phase and thus leaving aside
the spatial phase differences of them.

The electric field in the frequency domain can be
expressed as

E�ω� � A�ω� exp�iϕ�ω��; (1)

where A�ω� is the spectral amplitude and ϕ�ω� is the spectral
phase. For a Gaussian spectral amplitude,

A�ω� � exp

�
−2 ln 2

�
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ωFWHM

�
2
�
; (2)

where ωFWHM is the full width at half-maximum (FWHM) of
the spectral intensity and ω0 is the central angular frequency of
the ultrashort pulse. It is customary to expand the spectral
phase ϕ�ω� in the Taylor series around the central angular fre-
quency ω0 as [21]
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(3)
where ϕ�ω0� is the absolute phase, corresponding to a piston,
and ϕ 0�ω0� is the first-order phase, corresponding to a group
delay (GD). ϕ 0 0�ω0� is the second-order phase, representing a
group delay dispersion (GDD) or linear chirp. ϕ 0 0 0�ω0� is the
third-order dispersion (TOD), and ϕ 0 0 0 0�ω0� is the fourth-order
dispersion (FOD). Higher-order dispersions are neglected here.

An ultrashort pulse is described as a complex envelope E�t�
in the time domain and can be expressed as the inverse Fourier
transformed of E�ω�,

E�t� � I−1�E�ω��: (4)

When dispersion of up to the second order is considered,
Eq. (4) is readily solved by using the Fourier-transform
technique,
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where τ�τ � 4 ln 2∕ωFWHM� is the FWHM of transform-
limited pulse width.

When only the TOD is considered, an analytic solution can
be written in terms of the Airy function as [22]
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It is unrealistic to find an analytic solution similar to Eq. (5)
when FOD is referred, so instead the electric field could be
numerically modeled with the fast Fourier transform algorithm.

To analyze and understand spectral phase effects on a carrier
wave and envelope of pulse, we take a Gaussian pulse with du-
ration of 5 fs and central wavelength of 800 nm, for example.
The results of the electric field calculation based on Eqs. (1)–(6)
are shown in Fig. 1. As shown in Fig. 1(a), ϕ�ω0� is simply a
constant parameter, namely a piston, and here we assume all
beams have the same piston. Group delay gives the retardation
of the pulse in time and does not change the shape of the pulse.
The reason is that the spectral phase changes with angular fre-
quency linearly, and it is similar to the phase introduced by
propagation in vacuum, as is shown in Fig. 1(b). It is obvious
that group delay ϕ 0�ω0� of pulses to be coherent combined
should be the same so that the pulses arrive simultaneously
at the combining component. In Fig. 1(c), GDD changes
the phase of each spectral component of the pulse and thus
modifies the pulse shape. The pulse duration mainly depends
on GDD. The reason is that different frequency components of
a pulse travel at different speeds. The time delay in the arrival of
different spectral components leads to pulse broadening and
peak power decreasing. Compared to GDD, higher-order dis-
persions have little impact on the pulse duration, but they in-
fluence the shape and contrast ratio of pulse significantly,
according to Figs. 1(d) and 1(e). TOD results in asymmetry
in the pulse with an oscillatory structure near one of its edges,
depending on the sign of TOD, while FOD makes both the
leading and trailing edge of the pulse less steep and thus intro-
duces unwanted pedestals on the pulse.

Figure 2 is the general scheme of a large-aperture ultrashort
ultrahigh intensity laser system based on tiled-aperture CBC,
which is much more promising for achieving high peak inten-
sity. Temporally stretched pulses are divided into N channels
and amplified independently in respective channels based on
chirped pulse amplification (CPA) or optical parametric
chirped pulse amplification (OPCPA). After compression all
pulses are coherently added in the focal plane of an off-axis
parabolic mirror (OAP) to form the combined beam with high
peak intensity. The processes of stretching, amplification, and
compression in every channel all contribute to the dispersion
of systems. Assuming there are ultrashort pulses of N channels
to be combined, as shown in Fig. 2, the electric field of the
combined pulse can be written as

ECBC�t� �
XN
n�1

En�t�: (7)

The intensity of the combined pulse can be expressed as

ICBC�t� � jECBC�t�j2 �
				XN
n�1

En�t�
				
2

�
				XN
n�1

I−1�En�ω��
				
2

:

(8)

Thus the temporal Strehl ratio (SR) of the combined pulse is
given by

SR � max�ICBC�t��
max�I idealCBC�t��

; (9)

where I idealCBC�t� is the ideal intensity of the combined beam
achievable when combining coherent beams with no residual
dispersions. Expressions (8) and (9) are the basic principles
for the calculation of CBC. It reveals the importance of the
relative spectral phase among the electric fields of N channels
to be combined.

3. DISPERSION

From the above discussion, it is clear that dispersions of differ-
ent orders influence a pulse’s arriving time and temporal shape.
So, for CBC the individual pulse’s dispersion and the dispersion
difference among pulses to be combined both contribute to the
final combined pulse’s temporal characteristics. In this section,
based on the theory analysis in Section 2, we explore how
dispersion characteristics of individual beams and dispersion
differences among pulses influence CBC by numerical simula-
tion, and then we give the guideline of dispersion control
requirements of CBC for ultrashort pulses.

Fig. 1. Schematic temporal effect of the spectral phase derivatives,
ϕ�ω0� (a), GD (b), GDD (c), TOD (d), and FOD (e). The red and
green continuous lines denote the carrier wave of the electric field, and
the blue-dashed line denotes the envelop of the electric field.

Fig. 2. General setup of ultrashort ultrahigh intensity laser system
based on CBC.
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For an ultrashort ultrahigh intensity laser system, the FWHM
of the spectral intensity bandwidth is assumed to be 32 nm, cor-
responding to pulses with transform-limited pulse duration as
short as 30 fs. Then we extend the particular case to general ones
and give the control requirements for CBC of pulses with other
durations. It should be noticed that the simulation results are
independent on the center wavelength of the system, for the ab-
solute phase ϕ�ω0� is not considered here. In the following
numerical simulation, when one dispersion term is considered,
other dispersion terms will be neglected.

A. Control Requirement for the Individual Pulse’s
Own Dispersion
To simplify the analysis, numerical simulation for CBC of two
channels is considered first, and the individual beams have the
same dispersion. The group delay does not influence the
individual pulse’s shape but only changes the arrival time of
the pulse, so it has nothing to do with the temporal SR of
the individual pulse. If the two pulses have the same group de-
lay, namely they arrive at the combining component simulta-
neously, the temporal SR of the combined pulse is always 1.

According to Eq. (9), we numerically modeled the effects of
GDD, TOD, and FOD on the combined pulse’s temporal SR
and pulse contrast, defined as the ratio of the peak intensity
with respect to the parasitic structures such as prepulses and
pedestals of the pulse. The temporal SR of the combined pulse
as a function of GDD, TOD, and FOD is shown in Fig. 3(a). If
we choose the following requirement SR > 0.9 as an example,
the absolute value of GDD, TOD, and FOD must be less than
163 fs2, 6700 fs3, and 90; 200 fs4, respectively. Figures 3(b)
and 3(c) show the pulse contrast when TOD and FOD equal
some typical values in order to reveal the relationship between
pulse contrast and high-order dispersions. It is demonstrated
that pulse contrast of the time point that is several picoseconds
ahead of the main pulse is influenced by high-order dispersions,
while pulse contrast of the time point that is tens of picoseconds
and even several nanoseconds ahead of the main pulse is

independent on high-order dispersion for a pulse duration of
30 fs. In laser-plasma interaction experiments such as plasma
acceleration of particles, pulse contrast is a crucial parameter.
Extremely high contrast of ∼10−10 is required for ultrashort
laser with peak power of hundreds of terawatts to petawatts
[23]. The typical pulse contrast value of the combined beam
could be acquired at 3 ps ahead of the main pulse customarily
because all pre-pulse plasma effects start with at least 1–2 ps
delay in practical experiments. When TOD and FOD satisfy
SR > 0.9, the pulse contrast of the combined beam is better
than 10−31, which is a theoretical limit on pulse contrast ob-
tained when one takes into account only the imperfect com-
pression. In real experiment there will be a lot of different
effects like amplified spontaneous emission (ASE), parametric
fluorescence, stray light from gratings, spectral clipping and so
on which will cause this parameter to be much worse.

From the above discussion we can find that the temporal SR
degenerates significantly when each beam’s own dispersions ex-
cept GD become greater. And pulse contrast of the combined
beam also degenerates considerably when TOD and FOD of
each beam turn greater.

B. Control Requirement for the Dispersion
Difference
It is clear that residual dispersion makes arriving time or shape
of pulse changed. So to some extent the dispersion difference
among pulses will inevitably decrease the temporal SR of the
combined pulse. First, we discuss a set of typical examples for
CBC of two pulses. Here, we let the pulse in Channel 1 has
some residual dispersion, while the pulse in Channel 2 has
the same or different sign dispersion of pulse 1. The individual
intensities for pulses in Channel 1 and 2 and the combined
intensity with the same dispersion sign are given in
Figs. 4(a)–4(d), while with the same dispersion value but differ-
ent dispersion sign are represented in Figs. 4(e)–4(h). Taking
GDD for example, when the GDD values of the two pulses are
opposite in sign, although the intensity shapes of each beam are
the same, the temporal intensity of the combined beam reveals
beating, which apparently is not expected in CBC for ultrashort
pulses. Similar consequences could be found for FOD with op-
posite sign, as is shown in Fig. 4(h). Figure 4(g) reveals that
TOD with different signs brings about oscillations in the com-
bined pulse on its both edges. All of the results in Fig. 4 dem-
onstrate that the peak intensity and pulse shape of the
combined beam for dispersion of the same sign are better than
that of different dispersion sign even if in the case that the SR of
pulse 2 is less. In other words, to realize efficient CBC of two
pulses, keeping dispersion values of individual beams with the
same sign after dispersion control is a better choice than oppo-
site signs.

It is difficult to generate a pulse without any residual
dispersion in real experiments. Now, we assume that the
residual dispersion present in Channel 1 make the SR of pulse
1 be 1.0, 0.9, 0.8, 0.7, and 0.6, respectively, the extent to which
the pulse in Channel 2 with different dispersions can make the
SR of the combined beam be better than 0.9 is considered. As is
shown in Fig. 5(a), when group delay is considered, the SR of
the combined beam is only related to the difference of GD be-
tween the two pulses. From Fig. 5(b), if the SR of pulse 1

Fig. 3. SR of the combined beam as a function of the individual
beam’s own GDD, TOD, and FOD (a), temporal intensity of the
combined beam on a logarithmic scale for different TOD (b) and
FOD (c). The contents in brackets of figure (a) indicate different units
for dispersion of different orders.
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equals 1, the SR of the combined beam will be the maximum
when the dispersions of pulse 2 are zero, which is easily under-
stood. However, if pulse 1 has residual GDD, the SR of the
combined beam will decrease as the SR of pulse 1 decreases
when pulse 2 has the same GDD. Similar results could be
found for TOD and FOD, as is shown in Figs. 5(c) and
5(d). In Figs. 5(e) and 5(f ), it is clear that when TOD and
FOD of individual pulses are controlled effectively to acquire
adequate pulse contrast, pulse contrast of the combined pulse
will be adequate naturally; namely, CBC does not influence or
even degrade the pulse contrast of the combined beam.

From Fig. 5, we can conclude that the less the SR of pulse 1
is, the more stringent the control requirement for dispersion in
pulse 2 can be to get the SR of the combined beam to be larger
than 0.9. Unfortunately, if the SR of pulse 1 with residual
dispersion is less than 0.8, it is impossible to make SR of
the combined beam be larger than 0.9, even when pulse 2
is ideal. So, to realize efficient CBC, the dispersion of each
beam should be controlled simultaneously.

C. Multiple Channel Combination
Here, the influence of standard normal random distributions of
dispersion and the number of channels to be combined on the

SR and pulse contrast of the combined beam are analyzed with
Monte Carlo simulations. Assuming dispersion of individual
beams to be independent standard normal random variables
with mean 0, σGD, σGDD, σTOD, and σFOD are the root mean
squared (rms) instability of parameters GD, GDD, TOD, and
FOD, respectively. For every sampling point, we choose 100
values randomly. The SR of the combined beam averaged
on random dispersions is performed with numerical simulation.
Results of the first-, second-, third-, and fourth-order dispersion
coefficient influence on the SR of the combined beam are pre-
sented in Figs. 6(a)–6(d), and the effects of the third- and
fourth-order dispersion on pulse contrast of the combined
beam located at 3 ps ahead of the main pulse are shown in
Figs. 6(e)–6(f ). The lines of different colors in Fig. 6 corre-
spond to different numbers of channels. For τ � 30 fs, to ac-
quire SR > 0.9 of the combined beam, σGD must be less than
6.0 fs corresponding to the number of channels N � 64, and
the σGDD, σTOD, and σFOD must be less than 138 fs2, 4191 fs3,
and 160; 634 fs4, respectively. The high-order dispersion con-
trol requirements do not vary significantly with the number of
the channels to be combined. It is also found that pulse contrast
of the combined beam degrades rapidly as σTOD and σFOD in-
crease. The reason is that TOD and FOD have a large effect on
beam shape, and it should be minimized to limit the intensity
oscillations. The process of CBC will not degrade the temporal
contrast of the combined beam. When the temporal contrast of
individual beams is controlled effectively, pulse contrast of the
combined pulse needs no additional control at all, and this is an
exciting result for CBC in ultrashort ultrahigh intensity laser
systems.

Fig. 4. Intensity profiles for the beams in Channels 1 and 2, and the
combined beam with different dispersions with the same sign (a)–
(d) and with opposite signs (e)–(h). The red, green, and blue lines
denote temporal intensity of the first, second, and combined pulse,
respectively.

Fig. 5. SR of the combined beam as a function of dispersion in
Channel 2 with fixed dispersion of Channel 1, (a) GD2,
(b) GDD2, (c) TOD2, and (d) FOD2. Pulse contrast at 3 ps ahead
of the main pulse of the combined beam on a logarithmic scale as a
function of (e) TOD2 and (f ) FOD2.
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The above discussions are limited in a pulse duration of
30 fs. Here we extend the specific system to general ones.
The dispersion control requirements of pulses to be combined
with different pulse durations have similar results according to
numerical simulations, namely SR of the combined pulse as
functions of σGD∕τ, σGDD∕τ2, σTOD∕τ3, and σFOD∕τ4 are
the same, respectively. The shorter the pulse duration, the more
rigid the requirement for dispersion control has to be. For the
combined number of 64, σGD∕τ, σGDD∕τ2, σTOD∕τ3, and
σFOD∕τ4 of individual pulses should be preserved less than
0.200, 0.153, 0.155, and 0.198, respectively, to realize tempo-
ral SR of the combined beam larger than 0.9.

Efficient CBC of ultrashort ultrahigh intensity laser systems
requires that residual dispersions of pulses should be compen-
sated effectively. The methods include classical grating double,
prism double, acousto-optic programmable dispersive filter,
and so on. In view of the current state-of-the-art situation,
the core and difficulty of the control requirement in real
systems is the group delay, which is influenced by many envi-
ronmental factors, while GDD, TOD, and FOD could be
compensated and controlled statically.

4. SPACE–TIME EFFECTS

In the above discussion we have neglected spatial aspects, which
are of great importance to design an efficient ultrashort ultra-
high intensity beam-combining system. In a large aperture ul-
trashort ultrahigh intensity laser system with pulse duration of
100 fs or larger based on techniques of CPA or OPCPA, lenses
are generally important optical elements. For instance, high-
energy Petawatt projects (Omega-EP, PETAL) use spatial

filters, which are formed with a pair of lenses in their amplifier
section to image relay and clear the beam of detrimental spatial
frequency modulations. Owing to the inevitable material
dispersion introduced by the lens, an ultrashort pulse with large
spectral bandwidth has multiple focuses, corresponding to dif-
ferent wavelengths. This is well known as longitudinal chroma-
tism, which induces temporal delay and thus distorts the
ultrashort pulse spatially and temporally after focusing.

The theory model of the space–time coupling is as follows.
The chromatism could be regarded as the time delay between
the rays propagating through, respectively, the edges and the
center of the lens in the time domain. The pulse time delay
(PTD) of a singlet lens is [24,25]

T PTD � −λ0
2cf 0�n0 − 1�

dn
dλ

				
λ0

r2max; (10)

where n0, dn
dλ jλ0 are the refractive index and dispersion of the

lens material at the central wavelengths λ0. rmax, f 0, and c
are the beam size, focal length of the lens, and the optical speed
in vacuum, respectively. Equation (10) considers only the first-
order derivative of the refractive index, and it is effective in the
case of a pulse that is not much shorter than 100 fs, where the
PTD is the dominant effect for the coupling between temporal,
spectral, and spatial properties of pulses. For pulses with a du-
ration shorter than 100 fs, the group-velocity dispersion (GVD)
in the lens material should be considered.

Longitudinal chromatism is another important factor for
CBC in large-aperture ultrashort ultrahigh intensity laser
systems. However, it has not been discussed systematically
in previous works. To reveal the influence process and acquire
the PTD control requirement for realizing efficient CBC, the
impact of the PTD on the pulse temporal characteristics and
spatial distribution at the focus are analyzed based on Fourier
optics. In light of actual large-aperture ultrashort ultrahigh in-
tensity laser systems, the parameters of the numerical simula-
tion model are set as follows: the ultrashort pulses centered at
800 nm are Gaussian-shaped in the time domain, and the pulse
duration is 300 fs. The aperture of each beam is Φ150 mm,
and the spatial distribution of each beam is flat hat top.
The focal length of lens is 6.5 m. For simplification, we first
consider the combination of two beams.

A. Effect of Pulse Time Delay in Each Pulse on the
Combined Beam
First we assume two pulses with the same PTD to be com-
bined. The intensity distribution of the combined beam at
the focal plane varies with a different PTD, as is shown in
Fig. 7. The intensity I �r; t� at the focal plane is depicted versus
r and t , where r is the spatial coordinate and t is the temporal
coordinate. It is clear that in the nondispersive case the pulse
duration of the combined beam in the vicinity of the focus re-
mains nearly unchanged compared to that of the input individ-
ual pulses. With an increasing PTD, the temporal broadening
of the combined pulse in the vicinity of the optical axis in-
creases rapidly. Additionally, the spatial distribution changes
with time, indicating the coupling of the temporal and spatial
properties of the combined pulse. The temporal stretching is a
result of the delay between partial pulses that pass through
different parts of the lens aperture.

Fig. 6. Dependence of the SR of the combined beam on σGD (a),
σGDD (b), σTOD (c), and σFOD (d), and pulse contrast at 3 ps ahead of
the main pulse of the combined beam on a logarithmic scale on σTOD

(e) and σFOD (f ) for different numbers of channels.

Research Article Vol. 55, No. 35 / December 10 2016 / Applied Optics 10129



The time-dependent intensity I�t� of the combined beam,
derived from spatially integrated I�r; t�, is depicted in Fig. 8(a)
for various ratios ofPTD∕τ0. It is evident that thechromatic aber-
rationof a lens leads toadrastic broadeningof the combinedpulse
form, especially in its front. The pulse width increases and the
temporal SR of the combined beam decreases as the ratio
PTD∕τ0 increases. The energy density of the combined pulse
at the focal plane is shown in Fig. 8(b). Apparently, there is only
a small spatial broadening in the focal plane, but the spatial SR
decreases significantly as the ratio PTD∕τ0 increases. Moreover,
an increasing part of the combinedpulse is contained in thewings
of the distribution as the ratio PTD∕τ0 increases. The
pulse stretching in the time domain and the energy density
decreasing in the space domain reduce the peak intensity of
the combined beam at focus significantly. To control both the
temporal and the spatial SR > 0.8 for CBC of two beams,
the PTD of each beam should be no more than τ0.

B. Pulse Time Delay Difference between Pulses
Now, we assume that the PTD of pulse in Channel 1 is fixed to
0, 0.5, 1, 2, and 3 times the pulse duration, respectively, and

consider the extent to which the pulse in Channel 2 with a
different PTD can make both the temporal and spatial SR
of the combined beam be larger than 0.9. As is shown in
Fig. 9, when the PTD of pulse 1 is 0, namely, pulse 1 is ideal,
the temporal and spatial SR of the combined pulse will decrease
as the PTD of pulse 2 increases. When pulse 1 has a residual
PTD, the temporal and spatial SR of the combined pulse will
increase up to a maximum at first and decrease afterward as the
PTD of pulse 2 increases. The reason may lie in that a small
PTD of pulse 2 makes the two pulses overlap both in time do-
main and spatial domain better than the case of PTD2 � 0.
However, after reaching the maximum, the SR will decrease
significantly with PTD2 increasing due to the temporal and
spatial distortion of pulse 2, and thus the greater PTD
difference between the two pulses.

Clearly, the larger the PTD of pulse 1 is, the more rigid the
control requirement can be for the PTD in pulse 2 to get the SR
of the combined beam>0.9. If the PTD of pulse 1 equals pulse
duration, it is impossible to make the SR of the combined beam
larger than 0.9, even if pulse 2 is ideal. So, to realize efficient
beam combining of two pulses, the PTD of each beam should
be effectively controlled to be less than 1 time pulse duration
simultaneously.

C. Multiple Channel Combination
Similarly, we analyze the influence of standard normal random
distributions of the PTD, and the number of the channels to be
combined on the temporal and spatial SR of the combined
beam with Monte Carlo simulations. Assuming a PTD of indi-
vidual beams to be independent standard normal random var-
iables and the mean value to be 0, the temporal and spatial SR
of the combined beam averaged on a random PTD with 100
values is performed by numerical simulation. σPTD is the rms
instability of parameter PTD.

Results of the PTD influence on temporal and spatial SR of
the combined beam are shown in Fig. 10. For CBC of two
pulses, to acquire temporal and spatial SR > 0.9 of the com-
bined beam, σPTD must be less than 0.7 times the pulse dura-
tion. When the number of channel increases to 4, σPTD must
be less than 0.4 times of the pulse duration. Fortunately, the
channel number’s further increasing does not raise the control
requirement of the PTD.

Now the influence of GVD on the temporal and spatial
characteristics of pulses in the focal plane with duration shorter
than 100 fs is added. The pulse width is assumed to be 30 fs for
numerical simulation. The results are shown in Fig. 11. To
make temporal and spatial SR be larger than 0.9 of the

Fig. 7. 3D intensity distribution I�r; t� of the combined beam at
the focal plane for various ratios PTD∕τ0 (a) 0, (b) 2, and (c) 3. The
pictures (d)–(f ) are 2D intensity of (a)–(c), respectively. τ0 is the ideal
pulse duration.

Fig. 8. (a) I�t� and (b) energy density of the combined beam with
different PTD∕τ0.

Fig. 9. Temporal SR of the combined beam (a) and a spatial SR
(b) as a function of PTD2∕τ0. ED denotes energy density.
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combined beam, σPTD must be less than 0.3 times the pulse
duration. Evidently, the control requirement is more stringent
than the case that GVD is neglected. The reason lies in that
once GVD plays a part, the pulses become broadened further
and experience a larger reduction in temporal SR of the com-
bined beam owing to a superposition of partial pulses with dif-
ferent durations and peak intensities in the focal plane.
However, GVD has little influence on the energy density dis-
tribution of a pulse in the focal plane. Higher-order dispersions
of a lens play a relatively minor role, and they are neglected.

To realize efficient CBC of ultrashort ultrahigh intensity la-
ser systems, longitudinal chromatism should be compensated
or avoided effectively for different pulse durations. The solu-
tions include classical achromats, diffractive optics, reflective
optical elements, and so on. It should be pointed out that
for laser systems with a pulse duration of less than 10 fs, only
reflective telescopes for the signal beam are used due not only to
chromatic aberrations but also to nonlinear phase distortions in
the lens. The nonlinear phase distortion is not considered here.

5. CONCLUSIONS

To get the general spectral control requirements of CBC for
ultrashort ultrahigh intensity laser systems, factors such as spec-
tral dispersions and longitudinal chromatism are analyzed.
Different orders of dispersion will influence the intensity shape
of the combined beam, and high-order dispersions will affect
pulse contrast of the combined beam, an important parameter
for high-energy physics experiments. For the combined num-
ber of 64, σGD∕τ, σGDD∕τ2, σTOD∕τ3, and σFOD∕τ4 of indi-
vidual pulses should be preserved at less than 0.200, 0.153,
0.155, and 0.198, respectively, to realize a temporal SR of

the combined beam larger than 0.9. The number of the
channels to be combined has little impact on the SR of the
combined beam. Once high-order dispersions of individual
pulses are controlled effectively, pulse contrast of the combined
beam does not need extra control. Longitudinal chromatism
has a detrimental effect on the combined beam in the focal
plane, both temporally and spatially, and should be controlled
effectively. For CBC of two beams longer than 100 fs, the PTD
should be less than 0.7 times the pulse duration to realize
efficient beam combining while the PTD must be less than
0.4 times the pulse duration for more channels combining.
When GVD is not neglected for a pulse duration shorter than
100 fs, the PTD should be less than 0.3 times the pulse du-
ration for efficient CBC. This paper will provide a reference for
designing ultrashort ultrahigh intensity laser systems based
on CBC.
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