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Aiming at getting the general requirements of the beam combine for ignition scale laser facilities, the
analytical expressions including the factors affecting the combine results are derived. The physical mean-
ings of every part are illustrated. Based on these expressions, the effects of the factors, including the
beam configuration, piston error, and tip/tilt error, are studied analytically and numerically. The results
show that the beam configuration cannot affect the Strehl ratio (SR) of the combined beam, but it in-
fluences the FWHM of the main peak and the ratio of the main peak and the side peak. The beam se-
paration should be no more than 1.24 times the individual beam width for the multibeam combine, and be
close to the individual beam width for the two-beam combine as much as possible. The piston error can
change the characteristics of the combine beam focus, including the peak intensity, the focal spot mor-
phology, the fractional energy contained within a certain area, and the center of mass. For the two-beam
combine, a piston error less than 2z/5 rad is suitable, and for the multibeam combine, the standard
deviation of the piston error should be no more than 27/10 rad. The tip/tilt error has a great influence
on the combined results. It affects the superposition degree of the focal spots of the combined elements

directly. A requirement of 0.5 ~ 1 urad for the standard deviation of the tip/tilt error is adequate. ©2012

Optical Society of America
OCIS codes:

1. Introduction

More and more experiments, such as demonstration
of fast ignition, ultrahigh intensity science, plasma
physics, radiography, and astrophysics, need multi-
petawatt, even exawatt, laser facility urgently [1-6].
Many efforts have been made to improve the laser
intensity, especially on the aspects of the meter scale
grating (multilayer dielectric grating and gold grat-
ing) [7,8] and the grating tiling [9-13]. However, the
limited beam size is still a huge obstacle to improve
the laser intensity. Laser beam combing, especially
the coherent beam combing, offers an excellent meth-
od to expand the usable beam size [14]. The coherent

1559-128X/12/152941-10$15.00/0
© 2012 Optical Society of America

140.3298, 030.1640, 140.3290, 140.3460.

beam combing is to combine many small sizes of laser
beams that are phasing with one another. Its essence
is to make many small-size laser beams act as a
huge-size beam without degrading the beam quality
markedly. It has been studied widely these years
[15-19], though these studies focused mostly on
the fiber laser and solid state laser, which aim at
higher average power. Fortunately, the advantages
of coherent beam combing have been noticed by re-
searchers dreaming of improving beam intensity,
and many ignition scale. facilities have been planned
or considered to use this technique [20]. Researchers
at the Lawrence Livermore National Laboratory
(LLNL) plan to transform one quad of the National
Ignition Facility (NIF) beams (four beam pairs) to
advanced radiography capability (ARC) beams used
for diagnostics and fast ignition experiments [21].
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The four beam pairs (2 x 2) are coherently combined
to obtain 4 kJ within a 40 ym diameter circle. Excel-
lent work on such topics as phase measurements
[22], phase controls [23,24], and dispersion effects
[25] have been done. The PETAL laser facility, which
is being built near Bordeaux, in France, is a multi-
petawatt high-energy laser [26]. The beam-combing
techniques in this facility have a different version. In
the second stage of its compressor, the whole large
beam is divided into four segments (1 x 4) in order to
overcome the limitation of grating size. They are
compressed separately and then combined coher-
ently [27]. In order to achieve better combine results
for a shorter pulse duration (500 fs), much innovative
work has been done in areas such as synchronization
measurement using a 2D spectral interferometer
[28], piston and tilt measurement using a quadrilat-
eral wavefront interferometer [29], longitudinal
chromatism measurement basing on 2D spectral in-
terferometer [30], and longitudinal chromatism com-
pensation using refractive lenses [31]. FIREX-I, built
at Osaka University (Japan) is also planned to com-
bine four laser beams (2 x 2) to achieve 10 kJ /10 ps
output for fast ignition experiments [32]. The forth-
coming HiPER facility and ELI-NP facility also take
coherent beam combing as an important developing
option [33,34]. However, coherent beam combing is
still a great challenge for ignition scale facilities, and
a great deal more work needs to be done on the comb-
ing theories, error measurements, and error controls.

This work aims at putting forward the phase con-
trol requirements of the coherent beam combing for
ignition scale facilities systematically, which is insuf-
ficient or neglected in previous works. This paper is
organized as follows. In Section 2, the effects of beam
configuration on the combined focus are analyzed
based on the analytical expressions. Then, the influ-
ences of the piston errors on the combined results are
presented in Section 3. Next, the degeneration of the
combine focus due to the tip/tilt errors is illustrated.
Finally, the conclusions are outlined.

2. Beam Configuration and Coherent Beam Combing

In this section, we present the essence of the coher-
ent beam combine based on the analytical expression
derivation, and the factors affecting the combine re-
sults are analyzed.

For M x N beam combines, we can write the input
beam function as

M N
E@y) =) Y En.y) expligp,@.y)]. (1)

m=1n=1

where E,,,, (x,y) and exp[i¢,,,(x,y)] represent the am-
plitude and phase of the individual beam, respec-
tively. In the following analysis, we assume that each
beam has the same rectangular aperture, as shown
in Fig. 1, and the amplitude can be expressed as
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Fig. 1. (Color online) Schematic diagram of the beam configura-
tion for coherent beam combine.

E,.(xy) = rect(x_dex) X rect(y — ndy)’ (2)

Wy

where w and d denote the beam width and beam se-
paration, respectively, and m and n mean the beam
sequence numbers. If the individual beams have the
same phase, in other words, they are phased with
each other, the phase term can be ignored, and the
input beam function can be expressed as

M N
E(xvy) :EOO(xvy) ® Z Zé(x_mdx)é(y_ndy)s (3)

m=1n=1

where ® is the convolution operator. Ignoring the
scale factor 1/4f of focal plan coordinate, the electric
field distribution in the focal plane can be expressed
as [35]

Ufnt,) = % [ E(x.y) expl-2ri(fox + f,y)ldxdy
MN
= wxu;?’f XF|: luj Eoo(x,y):|

=y

M N
x ﬁ Z Z exp(2zimd.f, + 2zind,f,)
m=1n=1

_ w,w,MN
=7

in which 1 is the wavelength, f denotes the focal
length of the lens, (f,.f,) is the normalized coordi-
nate of the focal plane, and F means Fourier trans-
form. The intensity distribution in the focal plane is

X P(fy.fy) x G(fx.1y), “4)

I(fxvfy) = |U(fx’fy)|2
_ (w.w,MN

= r
As shown in Eq. (5), the far-field intensity distribu-
tion of the coherent beam combine for the phased
beams can be written as three parts: a scale factor

(w,w,MN /1f)?, a point spread function of individual
beam PSF(f,.f,), and a grid function GF(f,.f,).

)2 xPSF(f,.f,) xGF(f,.f,). (5)



Substituting Eq. (2) into Eq. (5), we can get the
far-field intensity distribution of rectangular beam
combine. Its PSF can be written as

PSF(f,.f,) = sinc®(w,f,)sinc? (w,f,). (6)

Here, the sinc function stands for normalized sinc
function sinc(x) = sin(zx)/(zx). The grid function
can be simplified as

1 sin?(zMd.f,) sin®(zNd,f,)

(MN)? sin%(ndf,) sin?(zdf,) ®

GF(fxvfy) =

Figure 2 illustrates the characteristics of the PSF,
GF, and normalized intensity distribution. In
Fig. 2(a), the PSF denotes the point spread function,
and the other two lines indicate the evolution of the
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Fig. 2.

grid function with the beam separation. Figure 2(c)
shows the evolution of the grid function with the
beam combine number. In these figures, the indivi-
dual beam width is set as 1 x 1; the beam combing
number is 2x2. From Fig. 2 and Egs. (5-7), we
can obtain several important characteristics about
coherent beam combine without errors. First, the
peak intensity, which could be gotten by setting
fr=fy =0, is affected only by the scale factor
(w,wy,MN /2f )2, having nothing to do with the PSF
and GF, because the maximum values of the PSF
and GF are both 1. That is to say, the Strehl ratio,
defined as the ratio of the peak far-field intensity
of a combined beam and the peak far-field intensity
of an equative whole large beam with uniform inten-
sity and wave front distribution, is always 1 for the
phasing beam, and has nothing to do with the beam
configuration. The scale factor decides the maximum
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(Color online) (a) and (c) illustrate the PSF, GF, and (b) and (d) indicate normalized far-field intensity distribution, (a) and (b) with
different beam separation when M = N = 2, (¢) and (d) with different beam number when d = 1.1.

20 May 2012 / Vol. 51, No. 15 / APPLIED OPTICS 2943



intensity, which can be achieved by beam combine.
Second, the grid function GF is a periodic function
with a maximum value of 1 and a period of
T, = 1/d,, both of which are independent of the com-
bine beam number m,n. It decides the spike number,
intensity, and location within the area corresponding
to the one-time diffraction limit of the individual
beam. Third, the point spread function PSF decides
the envelope of the combined focal spot. Fourth, the
beam combine number affects the shape of the spike,
mostly the full width at half maximum (FWHM) of
the spike.

According to the above four points, we can decide
the beam configuration based on the system re-
quirements. Take the square beam combine as an
example. The beam combine number M x N and in-
dividual beam area w,w, can been chosen based on
the scale factor (w,w,MN/if)2 For ignition scale
facilities, we always pursue the focusability. If it is
required that the second maximum peak value of
the combined focal spot be no more than 0.05 times
the maximum peak value (this requirement corre-
sponds to the situation of a whole ideal beam’s focal
spot), then the beam separation distance should
satisfied sinc?(w, /d,) < 0.05, and we can get the con-
clusion that d, < 1.24w,. For a small number beam
combines, such as 2 x 2, the locations of the peaks
move toward the center, and the second maximum
peak increases with the increase of the d,, so, the
beam separation distance d, should be close to the
beam width w, as much as possible.

3. Piston Error and Coherent Beam Combing

If we suppose that the individual beams have a uni-
form phase ®@,,,, but are different from each other, the
input beam function can be rewritten as

E(x.y) = Eqo(x.y)

M N
® > ) 8(x - md,)s(y - ndy) exp(iP,,y,).

m=1n=1

®

The phase difference A®D,,, between the individual
beam and the mean value is called piston error. With
the piston error, the electric field distribution in the
focal plane becomes

ww,MN
if

N Z Z exp(2zimd,f,

m=1ln=

U(fxvfy) =

1
X F|: Eoo(x,y)}
w,w,

+ 2mndyfy) exp(lq)mn)

JMN
= W= “;f x P(fx.f)) X Gp(fufy). (9)

The intensity distribution in the focal plane has the
same form with Eq. (5) except the factor GF:
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I(fxvfy =|U(fx?fy)|2
(wxwyMN

of ) xPSF(f,.f,)xGF,(fy.f,). (10)
In Section 2, we have demonstrated that the three
parts, scale factor (w,w,MN /if)? the grid function
GF, and the point spread function PSF, denote differ-
ent physical meanings. From Egs. (9) and (10), we
can find that the piston error affects just the grid
function GF,(f,.f,). Hence, we need only to analyze
the inﬂuence of the piston error on the grid function.

In order to simplify the analysis, the grid function
of a 1x2 beam combine with piston error is pre-
sented first. These two beams are all square. In this
case, the grid function can be written as

GF,(fy.fy) = x exp(2zidf ) x [exp(2zidf,)

2
+ exp(2 x 2xidf ) exp(ig)]| , (11

where, ¢ indicates the phase different between the
two beams. After simplification, Eq. (11) becomes

1 sin®2xdf, + ¢)

B0y = 0 Snndf, + 9720”2

It is found that the period of the grid function GF, is
still T'= 1/d, and its maximum value is still 1, just
adding a transverse translation —¢/(2zd). Because of
the translation, the position of its maximum value is
changed. As a result, the maximum value and the
morphology of the combined focal spot are changed.

Figure 3 shows the results of two square beam com-
bines with different piston errors using the above
analytical results Eqgs. (10-12). In Fig. 3(a), the
PSF denotes the point spread function, and the other
four lines indicate the evolution of the grid functions
with different piston errors ¢. Because of the trans-
verse translation of the grid function, the combined
focus is changed significantly, as shown in Figs. 3(b)
and 3(c). Four important characteristic quantities of
the focal spot—which are the peak intensity, the focal
spot morphology, the fractional energy contained
within the 1 times diffraction limit area, and the
center of mass—are changed because of the piston
error. All four of these characteristic quantities can
be gotten based on the above analytical results,
Eqgs. (10-12). More importantly, the above four quan-
tities offer several ways to eliminate the piston error
in phasing the combined beam. A different version is
presented in [23].

Figure 4 gives the Strehl ratio (SR), the fractional
energy contained (FEC) within the square area cor-
responding to 1 times diffraction limit, the ratio
of the second peak and main peak (RSM), and the
center of mass (CM) as a function of piston error.
If we choose the following requirements—SR > 0.9,
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Fig. 3. (Color online) (a) PSF, GF and (b) normalized far-field intensity distribution with different piston error ¢ when d = 1.1, (¢) the 2D
image of focal spots corresponding to the four cases shown in (a) and (b).

FEC > 0.7, RSM < 0.2, CM < 0.15—as an example,
then the piston must be phased to less than 2z/5.
For a multibeam combine, the grid function
GF,(f..fy) becomes complicated because of the ran-
dom piston error of the individual beams. Figure 5
illustrates the grid function of 10 x 10 beam combine

when piston errors obey normal distribution with a
mean of zero and a standard deviation of 0, 0.2r,
0.4z, and 0.67, respectively. Figure 6 gives the nor-
malized intensity distribution based on the cases
shown in Figs. 5(b), 5(c), and 5(d). It is found that the
peak intensity decreases rapidly as the piston error

SR/FEC/RSM/CM

| i 1

0 05 1 15

2 25 3 35
Piston error/rad

Fig. 4. (Color online) SR, FEC, RSM, and CM as a function of piston error.
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Fig. 5.

(Color online) Grid function of 10 x 10 beam combine; piston errors obey normal distribution with a mean of zero and a standard

deviation of (a) 0, (b) 0.2z, (¢) 0.4z, and (d) 0.6x. The numbers “1” and “2” indicate the two random dates.

increase, and the peak intensities might be greatly
different even for the pistons with the same standard
deviation. In order to study the characteristics of this
situation, the ensemble averaged focal spot intensity
is used:

As shown in Eq. (13), we just need take care
of the grid function GF,(f,.f,). Borrowing the
calculation method used for the large segmented
telescopes analysis, the grid function can be written
as [36-39]

A(Ff ) =N b X (GoFuf ) ) GFallafs) = xpCoGR T )
9, :7x 9, x 9,
xl y A2F2 xly p\V aoly + MNI[1 - exp(-c2)]. (14)
(w,w,MN)? . e .
=TXPSF(fx fy)xGFe(fy.fy). (13)  where 6 is the standard deviation of the piston error,
and the piston error is supposed to obey normal
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Fig. 6. (Color online) Normalized intensity distribution of 10 x 10 beam combine, (a), (b), and (c) corresponding to the situations of (b), (c),

and (d) in Fig. 5 respectively.
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distribution with a mean of zero. The Strehl ratio
becomes

GF.,(0,0) 1

§= GF(0,0) MN

1) exp(-6?)]. (15)

[1+ (MN -

Obviously, when ¢ —» 0, S — 1, which corresponds
to coherent combine ideally, and when o — o,
S — 1/MN, which means incoherent combine.

Figure 7 illustrates the Strehl ratio and the frac-
tional energy contained within a square area (FEC)
as functions of the standard deviation of piston er-
rors for the 10 x 10 beam combine. For every sam-
pling point, we choose 50 values randomly. The bars
indicate the range of the 50 values for every sampling
point. The lines plot the means of every point. 1DL
and 5DL mean that the square areas used for the
FEC calculation are 1 or 5 times the diffraction limits
of the combined beam. The “stat.” and “Eq.” indicate
that the lines of the SR are gotten based on the sta-
tistic calculations or Eq. (15). The results show that
both the SR and FEC decrease rapidly with the in-
crease of the standard deviation, and the uncertainty
of both increase. For instance, if we want to control
the SR > 0.7, and the FEC within the 5DL area is no
less than 70% for the multibeam combine, then the
standard deviation of the piston error should be no
more than 27/10 rad.

4. Tip/Tilt and Coherent Beam Combing

For the coherent beam combine, another important
factor greatly affecting the combining results is the
uniformity of the individual beam pointing. It is
decided by the tip/tilt error of the individual beam.
The uniformity of the individual beam pointing or
tip/tilt error can be understood as the overlap degree
of the individual beam focus simply. This section will
reveal the effects of the tip/tilt errors on the beam
combine.

The tip/tilt errors can be represented by the rota-
tion of the wave front around the x axis ory axis by an
angle a, or a, (the x-y plane is the ideal wavefront

plane). Hence, the wavefront of the tip/tilt beam
can be written as

D, (x.y) (16)

= % x (ay, ay) ® (x —mdy,y —nd,).
Comparing with Eq. (8), it is found that the phase
factor @,,,, becomes a function of the coordinate (x, y).
So the input electric field cannot be written as the
convolution form like Eq. (8), and we can only start
from

UG fy) = [ Bx)espl-2ai(fac+ frldedy. (A7

Substituting Eqgs. (1) and (16) into Eq. (17), after
calculation and simplification, we can get

Z Zexp[ 27i(f1,. f1y)

mln

Ulfe-fy) =

* (md, nd)]exp |:— ? (tnemd, amnynd)i|

x / Eo(x'.y') expl-2ri(fr,.f1,)
o (x',y)]dx'dy’, (18)

and  (f1..f1y) =
(fx — Gz f “"jl"y). Then, the intensity of the com-
bined focal spot becomes

I(.f}) = ( ) Zzexp[ 2ri(f. £))

m=1ln=
® (md, nd)]exp |:— ? (Appnemd, amnynd)]

where (x'.y') = (x - md,.y —nd,),

(19)

2
x / Eo(x'.y') exp[-27i(f’. 1)) ® (x".y")]dx'dy’

1

0 1 1

T

FEC5DL
SR, stat. ||
——-SR,Eq.
——FEC, 1DL ||

1
0 02 04 06

1
08 1 12 14 16

Standard deviation of Piston error/rad

Fig. 7.
functions of the standard deviation of piston errors.

(Color online) Strehl ratio (SR) and the fractional energy contained within a square area (FEC) of the 10 x 10 beam combine as
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tip/tilt errors; (b) the SR and FEC as a function of tip/tilt error.

Because the (x',y') and (f%.f),) are related with (m, n),
Eq. (19) cannot be written as three independent
parts, as Eq. (10). However, every factor of Eq. (19)
still has obvious physical meaning. For the (m,n) or-
der beam, the effects of the tip/tilt error on its focal
spot have two main points: first, the change of the
phase %(amnxmd + ayunynd); second, the change of
the location (f, — %= f, —“»). From the above two
points, we can find that the effects of the tip/tilt error
on the combined results are just related to the com-
bine parameter d and tip/tilt error a.

Figure 8 shows the 1x 2 beam combine results
with different tip/tilt errors based on Eq. (19). The
alpha with unit “urad” means the angle between the
two beams. Figure 8(a) shows the focal spot intensity
distributions with different tip/tilt errors, and
Fig. 8(b) shows the SR, FEC within the area of one
time diffraction limit, and the FEC within the area
of five times diffraction limit. The SR is very sensi-
tive to the tip/tilt errors, because this kind of error
separates the individual focus directly. For the calcu-
lations shown in Fig. 8, the angle a between the two

FEC/SR

—&—SR
—e—FEC,1DL 1
oL —FECSDL

0.1

0 1 4 5
Tip or Tilt/urad

(b)

(Color online) Combine results of the 1 x 2 beams with different tip/tilt errors. (a) Focal spot intensity distributions with different

beams is divided equally, and the “0” position corre-
sponds to angular bisector. If we want to get the
SR > 0.8, the tip/tilt error should be no more than
0.5 prad. This requirement is very harsh for the igni-
tion scale facilities. Because of numerous optical ele-
ments, especially lots of mirrors, the pointing
stability of the final output bean is often not better
than 5 urad [40—42]. Hence, the requirement of beam
combine on the beam pointing stability is a big
challenge.

Figure 9 gives the SR as a function of the standard
deviation of the tip/tilt error for different numbers of
beam combine. The numbers “5” or “10” indicate the
combined beam number. For every point, 50 results
are calculated randomly. The lines are plotted using
the mean value of every point. The ranges indicating
by the bar stand for the jitter of the 50 results for the
corresponding point. We can find that the mean val-
ue of SR is close to 1/N, where N is the beam combine
number, when the standard deviation is about 1 yrad.
The SR value 1/N corresponds to the incoherent
beam combine result without tip/tilt error. It should
be noticed that the SR for different beam combine

Standard deviation of Tip or Tilt/urad

Fig. 9.
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(Color online) SR as a function of tip/tilt error; the number means the number of combined beams.



1 : —
e )
a3 R K T (T T
ok | 4 ]FESI \ ]
Rditemad L 111101 ' P2
s it ey =3 NI N | 9 |
07 D07 T4 | | 7g B ;\
6 il edlli]f 1T e
o5t Cob %8s LN L e I ]
O b 5 @ B hEh SN EREF |
.03 R R BRI IS ANk 4 A
[u} y LT .
04 IR SRR ERE Bt I _
i : AN EE N il
03l LTINS e @ J
o [u |!} :\:ﬁ',\é:iihue
oaL [—-FEC.1DL5B LBLEIE TN ot |
——FEC5DL 58 IREIURN \:1,4:%'
o1l FEC.1DL10B RSN h T |
: FEC5DL.108 o P PoLiHil
L da il
0 ! 1 1 n T YR R | 2l n T L Lo
107 10" 10° 10'

Standard deviation of tip or tilt/urad

Fig. 10.
the second number means the number of combined beams.

number has different mean values even the standard
deviation is same. Generally, for the same standard
deviation, the bigger the beam combine number is,
the smaller the SR is. But it does not mean that the
combine result is worse. For example, when the stan-
dard deviation of tip/tilt error is 1 urad, the SRs are
about 0.25 and 0.14 for 5 beams combined and 10
beams combined, respectively. The peak intensity
of combined focal spot is 6.25 (or 14.00) times of that
of the individual beam focal spot for 5 (or 10) beams
combined. The two results are all bigger than the
maximum focal spot intensity, which could be
achieved by the incoherent beam combine using
the corresponding beam number even without tip/tilt
error. Figure 10 illustrates the FEC within the areas
of 1 time diffraction limit and that of the 5 times dif-
fraction limit for the different standard deviation of
tip/tilt errors. Using the results shown in Fig. 9 and
Fig. 10, the beam combine tip/tilt demands of the
ignition scale facility can be gotten for a specific sys-
tem requirement. Generally, it is demanded that the
maximum intensity and the focusability of the com-
bined focus are much better than those that could be
achieved by the incoherent beam combine, and the
above two factors are stability enough for every fire.
A requirement of 0.5 ~ 1 urad for the standard devia-
tion of the tip/tilt error is adequate.

5. Conclusions

In order to get the general requirements of the beam
combine for the ignition scale facility, the analytical
expressions including the factors affecting the com-
bine results are derived. Based on these expressions,
the influences of the factors, including the beam con-
figuration, piston error, and tip/tilt error, are studied
analytically and numerically. The results show that
the beam configuration cannot affect the SR of the
combined beam, but it influences the FWHM of
the main peak, as well as the ratio of the side peak
and the main peak. It should be controlled. The pis-
ton error affects the grid function greatly, including
its maximum value, transverse translation, and
formation. Hence, the piston error can change the

(Color online) FEC as a function of tip/tilt error. The first number indicate times of diffraction limit used for the FEC calculation;

characteristics of the combine beam focus, including
the peak intensity, the focal spot morphology, the
fractional energy contained within a certain area,
and the center of mass. For the two-beam combine,
a piston error less than 2z/5 rad is suitable, and
for a multibeam combine, the standard deviation of
the piston error should be no more than 2z/10 rad
(this can be adjusted based on focal spot require-
ment). The tip/tilt error has great influences on the
combined results. It affects the degree of the super-
position of the individual focal spot directly. If we
want to get the SR > 0.8, the tip/tilt error should
be no more than 0.5 urad for the two-beam combine.
For the multibeam combine, a standard deviation no
more than 0.5 ~ 1 uyrad is appropriate.

Above these requirements, the piston error and
tip/tilt error control are most difficult, considering
the numerous optic elements using in the ignition
scale facility. Fortunately, the adapted optics (kinds
of deformable mirrors) and active point control tech-
niques might offer good potential solutions.
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