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Air conditioning systems can lead to dynamic phase change in the laser beams of high-power laser facilities for the
inertial confinement fusion, and this kind of phase change cannot be measured by most of the commonly
employed Hartmann wavefront sensor or interferometry due to some uncontrollable factors, such as too large
laser beam diameters and the limited space of the facility. It is demonstrated that this problem can be solved using
a scheme based on modulation coherent imaging, and thus the influence of the air conditioning system on the

performance of the high-power facility can be evaluated directly.
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1. INTRODUCTION

High-power laser facilities employed in inertial confinement
fusion (ICF) make use of laser beams having large diameters
(tens of centimeters). The beam generated by the seed laser
source passes through several large-diameter optical compo-
nents during its transmission over several hundreds of meters
before reaching the target [1]. In this process, certain factors,
such as inaccuracies in material uniformity and surface profiles
of large-diameter optical elements or the distortion that is in-
troduced into the laser slabs when they are illuminated by the
pulse of light from the flashlamps, seriously affect the quality of
the transmitted beam and eventually lead to the failure of actual
experiments [2—4]. So a strict control on the quality of the
wavefront is required in ICF in order to focus a sufficiently high
amount energy in the region of interest [5], and hence the mon-
itoring of the phase of large-diameter laser beams becomes a
task of great importance in the field of ICF. Air fluent or other
environment vibrations are other kinds of important factors to
influence phase distribution of the laser beams and then the
performance of the whole facility. To keep the constant temper-
ature and the high cleanliness in the whole building, the air
conditioning system should work the whole day, and the gen-
erated air fluent and mechanical vibrations influence inevitably
the laser beam stability and quality. Compared to static phase
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change due to the fabrication error of the optical element or
material defects, which can be measured off-line, the dynamic
phase change generated by the air conditioning system is more
difficult to be measured accurately [2,6,7]. In theory Hartmann
wavefront sensors can be applied to monitor this kind of dy-
namic phase change [8—11]. However, to shrink the diameter of
the laser beam to the size of its sensor chip a complex and large
beam shrinking device should be used. In addition, its resolu-
tion limited by its subaperture and the number of microlenses
used is inadequate to meet the actual demand. Though a large-
aperture interferometer used in conventional interferometry
has enough accuracy and resolution [12], this method is practi-
cally not viable as it is challenging to provide enough space and
stable enough environment for its element alignment and
operation within the high-power facility. To estimate the influ-
ence of the air conditioning system the commonly adopted
method was to observe the shifting of the focus spot or the
change in near-field intensity distribution [13,14]. It is obvious
that this method is too rough since the influence is directly on
the phase and not on the intensity, and the phase change does
not always lead to focus-spot shifting. There is a lack of a proper
phase measurement device to monitor the dynamic phase
change of the large-diameter laser beams and therefore the per-
formance of the whole facility cannot be evaluated strictly.
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In this paper we will demonstrate that the modulation co-
herent imaging (MCI) method, which was proposed in 2010
by Zhang and co-workers [15-17], can be used to evaluate the
influence of the air conditioning system on the beam quality by
measuring the laser beam phase change on-line. The MCI
method uses only a piece of highly random phase plate
(RPP) and a CCD camera and can retrieve the phase from
one frame of intensity recorded, thus in comparison with co-
herent diffractive imaging (CDI) techniques that can also be
used to measure the laser beam phase [18-21], MCI converges
rapidly and is very compact in the structure and can be placed
at any place within the facility to monitor the phase change of
the laser beams. This is demonstrated by first recording diffrac-
tion patterns for a proper time in the initial stable environment
when the air conditioning system is turned off, and then an-
other set of diffraction patterns are recorded in a changing envi-
ronment when the air conditioning is turned on and the air
outlets are opened. The dynamic phase change of large-diam-
eter laser beams can be retrieved by certain iterative calculations
which may last only with one minute, and by comparing the
phase change of three sets of experiments, the influence of the
air conditioning system can be vividly observed and accurately
evaluated.

2. BASIC PRINCIPLE OF MCI USED FOR
DYNAMIC PHASE MEASUREMENT

Figure 1 shows the schematic of the MCI method. The sam-
pling beam of a high-power laser is focused by a convergent lens
and then illuminates a RPP near the focal plane. A CCD cam-
era is kept at a certain distance from the RPP to record the
diffraction patterns. The focal plane, the RPP plane, and the
CCD camera plane are called the “entrance plane,” the “modu-
lator plane,” and the “detector plane,” respectively in the MCI
algorithm. A constraint function, a circular aperture S, is de-
signed for the finite extent of the incident beam at the entrance
plane. The modulator of the RPP has a known transmission
function O(x; y) that is designed in order to diffract the en-
trance wave into a large solid angle, yielding a flattened diffrac-
tion intensity pattern. Consequently, the requirements on the
dynamic range of the detector are reduced. The reconstruction
of the entrance wave function is done iteratively as follows, by
taking a random initial guess for the entrance wave @,(x, y)
where 7 stands for the number of iterations:

( Convergent

}ens Entrance (RPP)
Modulator  (CCD)
Detector

Samplir“l‘g

beam ‘ \

Fig. 1. Schematic of MCI method.
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(i) The constraint function of circular aperture is S, =

I, 0Zr<r

0, r>r,
of the circular aperture. 7, (z = 1) inidally is a small constant
of the order of micrometers. The exit wave function at the
entrance plane is @, ,(x, y) = @,(x, y) - S, where 7 represents
the nth iteration.

(ii) Propagate ¢,, to the modulator plane, the entrance
wave function at the modulator plane is P, ,(x,y) =
FFT(p, ,(x,y), z1], in terms of the fast Fourier transform
operator.

(iii) The exit wave function at the modulator plane is
Pon(%9) = P, ,(x,9) - O(x, ), where O(x, y) is the transmit-
tance function of the designed RPP.

(iv) Propagate the exit wave function to the detector plane.
The wave function at the detector plane is ¢,,,(x,y) =
FFT(g,,.(x, ), 2,], where FFT represents Fourier propagation
to a distance z, in the nth iteration.

(v) Replace the amplitude of the wave function obtained in
step (iv) with the diffraction pattern intensity recorded by the
CCD. The corrected wave function is now represented by
Gon(xy) = VI expli arg |, ,(x, y)|], where [ is the intensity
of diffraction patterns recorded by the CCD and
arg |, ,(x, y)| represents the phase of ¢,,,(x, y).

(vi) The wave function at the back side of the modulation
plane is obtained as ¢, ,(x, y) = FFT'[¢. ,(x, y), z,], where
FET-![¢,,,(x, y), 2] represents Fourier backpropagation to a
distance z, in the nth iteration.

(vii) Update the function

" for the entrance plane, where 7 is the radius

|O(x, y)| O(x, y)*
|O(%, )| max [|OCe, p) 2 + @

X [qoc,n(x))/) - Pm,n(x’_y) N O(x:}’)]:

where a is an appropriately chosen constant to suppress the
noise [22].

Prew(%,9) = P, (x,9) +

(viii) Backpropagate P, (%, y) to the entrance plane, the exit
wave function at the entrance plane is ¢, ,(x,y) =
FFT P, (%, 9), 2], where FFT [P, (x, ), 2] represents
Fourier backpropagation to a distance z; in the nth iteration.

(ix) Increase the value 7, about 0.1 pm in each iteration,
update the exit wave function at the entrance plane
as €0e,n+1(x)}’) = 90;,;1(35:)’) : SnJrl'

(x) Repeat steps (i)—(ix) until the change between two suc-
cessive iterations of the entrance wave @,,(x,y) becomes
sufficiently small. The iteration is stopped in this case and
the final wave functions obtained, ¢,,(x,y) and P, ,(x, ),
are accurate distributions of the light field at the entrance
and at the modulator plane. P,,,(x,y) is obtained as
Pm,n(x’_y) = FFT[¢€,n(x’y)’ zl]'

We recorded diffraction patterns in the initial stable envi-
ronment while the air conditioning system is turned off,
and then recorded another set of diffraction patterns in a chang-
ing environment when the air conditioning is turned on and
the air outlets are opened. We can now obtain the initial stable
field U(x',»") and the changing field 7'(x’, y") by numerically
propagating the reconstructed wave functions present at the
modulator plane, P, ,(x, y) and P, ,(x, y), to the plane exactly
behind the condenser lens using the following Fresnel diffrac-
tion formula:
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, o explik(zo+2))]
Ux',y") —W
, LG 0 (=)
. // P}, (7) exp {‘k 2(z0+21) ]dXdy’
'y = SRl +20)]
I'(y) = iMzy + 21)
v (o pexp | & DT (y,_y)z} |
[/Pm,n( ’.y) p |:k 2(20 + Z]) dXdy’
k= 277,'/)«;

where 4 is the wavelength of the sampling beam. The phase
change occurring in the large-diameter laser beam can be ob-
tained by calculating the phase of U(x',y")T™*(x’,y"), where
T*(x',y") is the conjugate of T'(x,y").

3. EXPERIMENT

The experimental setup is shown in Fig. 2. The high-power
laser beam generated by the seed laser source propagates over
several hundreds of meters and eventually reaches the target. In
this high-power laser facility, the main air stream from the air
conditioner blew to several parts of the facility including the
front-end system, the preamplifier system, and the terminal tar-
get system. It also blew to the laser beam in the air and also
some of the major optical components. The size of the outlet
air stream is 100 cm x 60 cm and the estimated flow rate is
about 0.8 m/s. Another quantitative factor to define the air-
flow is the supply air temperature. We kept the temperature
at 22°C when the air conditioning system was turned on.
The sample beam introduced by the sample mirror located be-
fore the final optics assembly, 12 cm in diameter and pulse du-
ration of 1 s, is first reflected by a large reflecting mirror and
then focused by an aspheric condenser lens with a focal length
of 2750 mm. Since the measurement unit is to be placed in a
limited space, the focused beam is reflected again by a smaller
reflecting mirror to direct it to the RPP kept near the focal
plane. The phase plate consists of an array of pixels that ran-
domly take values of either 0 or 7 with the same probability.
A computer is used for recording the diffraction patterns
and a translation stage control is used while the extended
ptychographical iterative engine (ePIE) algorithm is applied

Entrance plane
Seed laser
source
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Convergent  Random
lens phase plate

Spatial filter - Amplifier

N

A
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Fig.2. Experimental setup for measuring the dynamic phase change
of large-diameter laser beams in the high-power laser facility with
MCI. The resulting diffraction patterns are recorded by a CCD.

to accurately measure the transmittance function O(x,y) of
the designed RPP [23,24]. A diffraction pattern is then re-
corded by a CCD camera behind the RPP. zj, is the focal length
0f 2750 mm of the convergent lens. It is assumed that the CCD
has NV x N pixels, each of which are square and Ax in width.
According to the Fresnel propagation algorithm, the sampling
intervals at the modulator Ax,; and at the entrance plane Ax
are related by Axy = z,/NAxp; Ax = Az /NAxy =
(21/2,)Axp, where 1 is the wavelength of the laser source
used. A diffraction pattern was calculated in the iterations with
the following parameters: A = 1053 nm; z; = 80.3 mm;
2y = 72.3 mm; N = 2048; and Axp = 18 pum is in agree-
ment with the experimental conditions. The CCD used is
PIKE-421B (Allied Vision Technologies, AVT). The illuminat-
ing field on the RPP plane P;,,,(x;, y) is then obtained from this
diffraction pattern using the MCI method for the initial stable
field. The air conditioning is then turned on and the air outlets
are opened and another diffraction pattern is recorded by the
CCD camera. The resulting illuminating field on the RPP
plane P}, ,(x, y) is also obtained from this diffraction pattern
with the same MCI method.

Figures 3(a) and 3(b) show the measured amplitude and
phase distribution of the RPP with the ePIE algorithm, respec-
tively. The phase distribution is either 0 or z represented in
gray or black in the figure. Each cell size of the phase distri-
bution is 18 pmx 18 pm and it is randomly distributed.
This can effectively disperse the incident light beam and
hence the dynamic range requirement of the detector can
be reduced.

The diffraction pattern obtained in the initial stable field
when the air conditioning system is turned off is shown in
Fig. 4(a), where the obvious speckle is due to the random
structure of the RPP. With the MCI algorithm, the focal plane
distribution and the illumination on the modulator plane are
reconstructed. Figure 4(b) shows the reconstructed amplitude
distribution on the focal plane. Figures 4(c) and 4(d) show the
reconstructed modulus and phase on the modulator plane, re-
spectively. By propagating this numerically reconstructed field
to the plane exactly behind the condenser lens, the amplitude
and the phase of the illuminating field U(x', y') are generated.
Figures 4(e) and 4(f) show the amplitude and the phase of
U(x',y"), respectively.

The results obtained by repeating the above steps in a chang-
ing environment when the air conditioning is turned on and
the air outlets are opened are shown in Fig. 5. The detection
and reconstruction procedures are repeated numerically to ob-
tain the illuminating field 7°(x’, y"). The recorded diffraction
pattern is shown in Fig. 5(a) and the corresponding recon-
structed amplitude distribution on the focal plane is shown
in Fig. 5(b). The obvious change in the focus is due to a change
in the initial environment while the air conditioning is turned
on. Figures 5(c) and 5(d) show the amplitude and phase of the
P, .(x,7), respectively. We obtain the transmitting function
T'(x',y") by backpropagating P;, ,(x,y) to the plane exactly
behind the condenser lens whose amplitude and phase distri-
bution are shown in Figs. 5(¢) and 5(f), respectively.

By calculating the phase of U(x’,y")T*(x",y'), the phase
change that occurred in large-diameter laser beams is obtained
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Fig. 3.

by the proposed method. The amplitude distributions of
T'(x', ") and the corresponding phase changes before the con-
denser lens were obtained from consecutive diffraction patterns
recorded with a time interval of 1 s during the initial stable field
when the air conditioning system is turned off. This is shown in
Fig. 6. We notice that the amplitude distributions of 7'(x’, y")
basically remain the same; however, there are some changes in
phase but not very drastic. Figure 6(c) shows a phase distribu-
tion with values ranging from -0.7283 rad to -2.5180 rad in
the initial stable field.

Figure 7 presents the amplitude distributions of 7(x', y")
and corresponding phase changes before the condenser lens ob-
tained from consecutive diffraction patterns recorded with a

[— | I—
962 pm 162 pm

iz §
4585 nm 19 mm

time interval of 1 s in a changing environment when the air
conditioning is turned on and the air outlets are opened.
Though only a minor change is observed for amplitude distri-
butions of 7'(x’, y'), the phase changes are quite obvious to be
noticed. Figure 7(b) presents the maximum phase change
distribution with the values ranging from 5.0506 rad
to -4.8682 rad.

Diffraction patterns were also recorded in a changing envi-
ronment while using a screen to divert the air flow off the
facilities. Figure 8 presents the amplitude distributions of
T(x',y") and the corresponding phase changes before the
condenser lens obtained from consecutive diffraction patterns
recorded with a time interval of 1 s. We find that there are some

 I—
1080 pm

1 | S
5636 pm| <

Fig. 4. Recorded diffraction pattern and field reconstructions for the initial stable field. (a) The diffraction pattern recorded by CCD,
(b) reconstructed amplitude distribution on the focal plane, (c) reconstructed amplitude, and (d) phase distribution of illumination on the
RPP. (e) Numerically obtained amplitude and (f) phase distribution U(x’,y") after the condenser lens.
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Fig. 5. Recorded diffraction pattern and field reconstructions in a changing environment. (a) The diffraction pattern recorded by CCD, (b) re-
constructed amplitude distribution on the focal plane, (c) reconstructed amplitude and (d) phase distribution of illumination on the RPP, and

(e) numerically obtained amplitude and (f) phase distribution 7°(x’,y") after the condenser lens.
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Series of amplitude distributions of 7'(x’,y") and the corresponding phase changes calculated for large-diameter laser beams which are

Fig. 6.
obtained from diffraction patterns recorded with a time interval of 1 s during the initial stable field.
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Fig. 7. Series of amplitude distributions of 7'(x’, y") and the corresponding phase changes calculated for large-diameter laser beams which are
obtained from diffraction patterns recorded with a time interval of 1 s in a changing environment when the air conditioning is turned on and the air
outlets are opened.
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a screen is used to divert the direction of air flow from the facility.
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Fig. 9. Transmittance distribution obtained for a USAF 1951 target
by the MCI method. It gives a satisfactory resolution in the case of
large-diameter beams.

minor changes for the amplitude distributions of 7'(x’, y") with
fewer detrimental changes in phase. Figure 8(f) presents the
maximum phase change distribution with the values ranging
from 2.9208 rad to -2.7395 rad. Comparing the range of val-
ues shown in Fig. 8(f) to that shown in Fig. 7(b), it is easy to
find that the phase change becomes less obvious. It is demon-
strated that the influence of the air conditioning system on the
laser beam quality in the high-power facility can be remarkably
suppressed by using a screen by diverting the air flow off the
facilities.

Since commonly used techniques have their limitations on
the measurements of the phase change occurring in large-
diameter laser beams in high-power laser facilities, the proposed
MCI method can quickly obtain the phase change distribution.
The calculation of dynamic phase change is also fast and it lasts
only a minute with the MCI method. The result of measuring
the laser beam dynamic phase change on-line in a changing
environment when the air conditioning is turned on and
the air outlets are opened is vividly shown in Visualization 1
(Multimedia view).

The achievable resolution of the phase change distribution
of laser beams retrieved by the outlined MCI method is studied
by placing a USAF 1951 target before the condenser lens.
The transmittance distribution obtained is shown in Fig. 9.
This clearly shows a resolution which is about 1 mm. It is a
satisfactory result in cases involving such large-diameter
laser beams.

4. CONCLUSION

To show and evaluate the influence of the air conditioning sys-
tem on the laser beam quality in the high-power laser facility,
the MCI technique is applied to measure the dynamic phase
change of the large-diameter laser beams that is induced by
the air fluent and the mechanic vibrations. From the experi-
mental result we can directly find that when the air outlets
are closed, the phase of the laser beam is very stable, and when
the air outlets ports are windows are opened, the phase of the
laser beam changes remarkably and drastically, and the maxi-
mum change can reach 7/2 at some points. However, by using

a screen to change the direction of the air fluent that directly
blows on the facilities the influence can be remarkably sup-
pressed. Accordingly, we can reasonably suggest that the air
conditioning system should be temporarily turned off when
the laser beams will shoot out or the structure of the air outlet

should be modified.
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