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Accurate measurements of the transmittance of large optical elements are essential to improve the
energy density in inertial confinement fusion (ICF). The required complex transmittance of such optical
elements used in ICF is obtained by computing the phase difference between the illuminating and
transmitting fields using modulation coherent imaging (MCI). A phase plate designed as a modulator
has a known transmission function in this technique. It presents a simple and quick method to measure
the transmittance of large optical elements with irregular surface profiles by retrieving it from only
two diffraction patterns recorded by a CCD camera. The complex transmittance of a continuous phase
plate (CPP) with a large aperture used in ICF is measured experimentally, and the results are found to
agree with the designed value. © 2015 Optical Society of America
OCIS codes: (100.5070) Phase retrieval; (050.1970) Diffractive optics; (120.5050) Phase measure-

ment; (070.0070) Fourier optics and signal processing.
http://dx.doi.org/10.1364/AO.54.001776

1. Introduction

Thousands of large-diameter optical components are
employed in high-power solid-state lasers for inertial
confinement fusion (ICF). Since such optical compo-
nents need to carry high-power laser beams they
must have excellent transmission characteristics.
This in turn requires materials and systems with in-
creasingmanufacturing precisions for the production
of large-diameter optical systems [1]. Inaccuracies in
material uniformity or surface profile may affect the
quality of the transmitted beam and eventually may
lead to the failure of actual experiments [2]. So a
strict control on the quality of the wavefront is

required in ICF in order to focus a sufficiently high
amount of energy in the region of interest [3,4].

Hartmann wavefront sensors are widely used to
measure the transmittance of large-diameter optical
elements to evaluate its quality while a parallel
beam of light is passed through such systems [5,6].
However, since the resolution of Hartmann wave-
front sensors is limited by its sub-aperture and the
number of micro-lens used, the resolution obtained
by such measurements is inadequate to meet the ac-
tual demand. This method is also complicated as it
has much higher stability requirements and often
the accuracy of the measurement is not guaranteed
[7,8]. A large-aperture interferometer used in con-
ventional interferometry usually employs a standard
element in similar size as that of the element to be
tested. However, obtaining such a high-precision
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standard component is difficult owing to its high
manufacturing cost and lack of a high-quality test
environment [9], thus practically making it difficult
to use in the measurements of large-diameter optical
components.

A phase-retrieval method called coherent diffrac-
tive imaging (CDI) was introduced based on computer
iterative calculations as an alternative method to
measure the phase of high-power laser beams [10].
A CDI algorithm can retrieve the complex phase di-
rectly from the diffraction pattern intensity and it
seems to be a good choice for the phase measurement
in the field of high-intensity lasers since it is done
without using any reference beam, a standard plate,
or imaging devices [11]. Later, a ptychographical iter-
ative engine (PIE) algorithm was proposed that
reconstructs the amplitude and phase of the object
from a sequence of diffraction patterns, obtained by
shifting the object to different distances relative to
the illumination known a priori, to overcome the dis-
advantages of traditional CDI algorithms including
the stagnation, low convergence, and limited field
of view [12]. The modulation coherent imaging (MCI)
methodwas proposed, which is a phase recovery algo-
rithm developed from the PIE algorithm [13,14]. This
method converges rapidly and has a less stringent
dynamic range requirement on detectors that over-
comes the disadvantages of PIE algorithms.

In this paper we will demonstrate that MCI
method can be used to measure the complex trans-
mittance of large-aperture elements of an ICF sys-
tem. A continuous phase plate (CPP), which is a
key device used for smoothing the focal spot of the
high-power laser beam and having a highly irregular
surface profile [15–17], is used as an example to dem-
onstrate the feasibility of this method. It only needs
to record a diffraction pattern and then the transmit-
tance of the large-diameter component can be re-
trieved by certain iterative calculations that may
last only a fewminutes. Themeasured result is found
to agree with the designed value.

2. Basic Principle of MCI Method

Figure 1 shows the schematic of the MCI method. It
consists of an entrance plane, a modulator, and then
a detector. The incident wavefront has a finite extent
in the entrance plane. A constraint function of circu-
lar aperture Sn is designed for this finite extent. The
modulator is a random phase plate (RPP) having a
known transmission function O�x; y� that is designed
in order to diffract the entrance wave into a large
solid angle, yielding a flattened diffraction intensity
pattern. Consequently, the requirements on the
dynamic range of the detector are reduced. The
resulting diffraction patterns are recorded in the de-
tector that is placed at a certain distance from the
modulator. The reconstruction of the entrance wave
function is done iteratively as follows, by taking a
random initial guess for the entrance wave φn�x; y�
where n stands for the number of iterations:

1. Given the constraint function of circular aper-

ture Sn �
n1; 0 ≤ r ≤ rn
0; r > rn

for the entrance plane,

where r is the radius of the circular aperture, and
rn (n � 1) initially is a small constant of the order
of microns. The exit wave function at the entrance
plane is φe;n�x; y� � φn�x; y� · Sn, where n represents
the nth iteration.

2. Propagate φe;n to the modulator plane, the
entrance wave function at modulator plane is
Pm;n�x; y� � FFT�φe;n�x; y�; z1�, in terms of the fast
Fourier-transform (FFT) operator.

3. The exit wave function at the modulator plane
is φm;n�x; y� � Pm;n�x; y� ·O�x; y�, where O�x; y� is the
transmittance function of the designed RPP.

4. Propagate the exit wave function to the detec-
tor plane. The wave function at detector plane is
ϕm;n�x; y� � FFT�φm;n�x; y�; z2�, where FFT represents
Fourier propagation to a distance z2 in the nth
iteration.

5. Replace the amplitude of the wave function
obtained in Step 4 with the diffraction pattern inten-
sity recorded by the CCD. The corrected wave func-
tion is now represented by ϕc;n�x; y� �

���
I

p
exp�i arg

jϕm;n�x; y�j�, where I is the intensity of diffraction pat-
terns recorded by the CCD, and arg jϕm;n�x; y�j repre-
sents the phase of ϕm;n�x; y�.

Fig. 1. Schematic of MCI method. Three planes are defined in
this configuration.

Fig. 2. Experimental setup for measuring the transmission func-
tions with MCI. Parallel beam focused by a nonspherical lens
illuminates the test element, which is a CPPand then an RPP near
the focal plane. Resulting diffraction patterns are recorded by a
CCD.
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6. The wave function at the back side of the
modulation plane is obtained as φc;n�x; y� �
FFT−1�ϕc;n�x; y�; z2�, where FFT−1�ϕc;n�x; y�; z2� repre-
sents Fourier back-propagation to a distance z2 in
the nth iteration.

7. Update the function

Pnew�x; y� � Pm;n�x; y� �
jO�x; y�j

jO�x; y�jmax

O�x; y��
�jO�x; y�j2 � α�

× �φc;n�x; y� − Pm;n�x; y� ·O�x; y��;

Fig. 3. (a) CPP used in the work. Diameter is shown to be 31 cm; (b) phase distribution O�x; y� of the RPP obtained with the ePIE
algorithm.

Fig. 4. (a) Diffraction patterns recorded by CCD without CPP; (b) corresponding reconstructed modulus of illumination on the RPP;
(c) corresponding reconstructed phase distribution of illumination on the RPP; (d) numerically obtained amplitude distribution
U�x0; y0� before the condenser lens.
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where α is an appropriately chosen constant to sup-
press the noise [12].

8. Propagate Pnew�x; y� to the entrance plane, the
exit wave function at the entrance plane is φ0

e;n�x; y� �
FFT−1�Pnew�x; y�; z1�, where FFT−1�Pnew�x; y�; z1� rep-
resents Fourier back-propagation to a distance z1 in
the nth iteration.

9. Increase the value rn�1 about 0.1 μm in each
iteration, update the exit wave function at entrance
plane as φe;n�1�x; y� � φ0

e;n�x; y� · Sn�1.
10. Repeat Steps 1–9 until the change between

two successive iterations of the entrance wave
φe;n�x; y� becomes sufficiently small. The iteration
is stopped in this case and the final wave functions
obtained, φn�x; y� and Pm;n�x; y�, are accurate distri-
butions of the light field at the entrance and at
the modulator plane. Pm;n�x; y� is obtained as
Pm;n�x; y� � FFT�φe;n�x; y�; z1�.

3. Complex Transmittance of Large Optical Elements
with MCI

The large optical element to be studied is taken to be
a CPP, which has a highly irregular surface profile. It
is used as a key element of the ICF system for
smoothing the laser beam of the ICF system to

ensure an ideal focal spot. A small departure in its
surface profile from its designed shape can drasti-
cally increase the electrical field in some place
and increase the risk of radiation damage in the
frequency-doubling crystal, focus lens, sample
grating, and so on.

The experimental setup for measuring the trans-
mittance of a large-aperture optical element with
MCI method is schematically shown in Fig. 2. A par-
allel beam of 28 cm diameter first passes through the
CPP and then focused by an aspheric condense lens
with a focal length of 1575 mm. It then illuminates a
RPP kept near the focal plane. The focal plane is
equivalent to the entrance plane defined in Fig. 1
in this work. The phase plate consists of an array
of pixels that randomly take values of either 0 or π
with the same probability. A computer is used for re-
cording the diffraction pattern and a translation
stage control is used as the PIE algorithm is applied
to accurately measure the transmittance function
O�x; y� of the designed RPP. A diffraction pattern
is recorded by the CCD camera behind the RPP.
The illuminating field on the RPP plane P0

m;n�x; y�
is then obtained from this diffraction pattern using
the MCI method. The test element is then removed

Fig. 5. Recorded diffraction pattern and reconstructed results with CPP and RPP along the light path; (a) diffraction pattern recorded by
CCD; (b) reconstructed amplitude of illumination on the RPP; (c) reconstructed phase distribution of illumination on the RPP; (d) numeri-
cally obtained amplitude distribution T�x0; y0� before the condenser lens.
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and another diffraction pattern is recorded by the
CCD camera. The resulting illuminating field on
the RPP plane Pm;n�x; y� is also obtained from this
diffraction pattern with the same MCI method.

We can now obtain the illuminating field U�x0; y0�,
which falls on the optical element being studied,
and the transmitting field T�x0; y0�, which is leaving
the optical element by numerically propagating the
reconstructed wave functions present at the modula-
tor plane,Pm;n�x; y� andP0

m;n�x; y�, to the plane exactly
behind the condenser lens using the followingFresnel
diffraction formula

U�x0; y0� � exp�ikz�
iλz

ZZ
Pm;n�x; y�

× exp
�
ik

�x0 − x�2 � �y0 − y�2
2z

�
dxdy; (1)

T�x0; y0� � exp�ikz�
iλz

ZZ
P0
m;n�x; y�

× exp
�
ik

�x0 − x�2 � �y0 − y�2
2z

�
dxdy;

k � 2π∕λ; (2)

where λ is the wavelength of the parallel beam, and z
is the propagation distance. The complex transmit-
tance of the optical element studied can be obtained
by calculating the phase of U�x0; y0�T��x0; y0�, where
T��x0; y0� is the conjugate of T�x0; y0�. The wavelength
of the laser sourceused is 632.8 nm, and theCCDused
is PIKE-421B (Allied Vision Technologies, AVT).

Figure 3(a) shows the manufactured CPP plate,
which has a highly irregular surface profile and hav-
ing a diameter of 31 cm. Figure 3(b) shows the mea-
sured phase distribution of the RPP with the ePIE
algorithm. The phase distribution is either zero or
π represented in gray or black in Fig. 3. Each cell size
of the phase distribution is 7.4 μm× 7.4 μm and it is
randomly distributed. This can effectively disperse
the incident light beam and hence the dynamic range
requirement of the detector is reduced.

The diffraction pattern obtained with only RPP
along the light path is shown in Fig. 4(a), where the
obvious speckle is due to the random structure of the
RPP. With the MCI algorithm, the illumination on
the modulator plane is reconstructed. Figures 4(b)
and 4(c) show the reconstructed modulus and
phase, respectively. By propagating this numerically
reconstructed field to the plane exactly behind the

Fig. 6. (a) Phase distribution of the CPP obtained by the MCI method; (b) phase distribution used in the design of the CPP; (c) measured
transmittance distribution of a USAF 1951 target.
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condenser lens, the amplitude and the phase of the
illuminating field U�x0; y0� is generated. Figure 4(d)
shows the amplitude of U�x0; y0�.

The results obtained by repeating the previously
mentioned steps with the CPP placed before the con-
denser lens are shown in Fig. 5. The detection and
reconstruction procedures are repeated to numeri-
cally obtain the transmitting field T�x0; y0�. The
recorded diffraction pattern is shown in Fig. 5(a),
and the amplitude and phase of the P0

m;n�x; y� are
shown in Figs. 5(b) and 5(c), respectively. By propa-
gating P0

m;n�x; y� to the back plane of the CPP we
obtain the transmitting function T�x0; y0�, whose
amplitude distribution is shown in Fig. 5(d).

The phase modulation of the CPP obtained by the
proposed method is shown within the circle in
Fig. 6(a). Figure 6(b) is the phase distribution de-
signed initially for the surface profile of CPP that
would generate the required focal spot in ICF sys-
tem. We can find that the surface profile of the
CPP is highly irregular with values ranging from
13.8714 to −15.4880 rad. While commonly used tech-
niques have their limitations on the measurements
of transmittance, the proposed MCI method can
quickly obtain the transmittance measurements that
are comparable to that of the design values of the
CPP. The achievable resolution of the transmittance
of the CPP retrieved by the outlined MCI method is
demonstrated by placing a United States Air Force
(USAF) 1951 target before the condenser lens. The
transmittance obtained is shown in Fig. 6(c) and
clearly shows a resolution that is about 2 mm. It
is a satisfactory result in cases involving such large
optical elements.

4. Conclusion

The MCI technique is applied to obtain the complex
transmittance of large-aperture optical elements of
an ICF system. This can be extended to optical sys-
tems with several large-aperture elements for which
transmittance are not directly measurable using
most of the commonly used techniques. The feasibil-
ity of the proposed method is demonstrated using a
CPP plate as an example, which is a key optical
element in a high-energy laser facility. To our knowl-
edge, this is the first time that the MCI technique is
used for measuring the complex transmittance of
large optical elements.

This work is supported by Grant
29201431151100301 and One Hundred Person
Project of the Chinese Academy of Sciences, China
(Grant No. 902012312D1100101).
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