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Abstract: The dual-wavelength image plane digital holography is employed to achieve the long-distance to-
pography measurements, which is expected for the Examination and Analysis System Technology (EAST) in
divertor surface monitoring. The same-path design for the illumination and imaging beams is suitable for the
upper diagnosis channel of the tokamak device. By selecting two wavelengths with a gap of 1.02 nm, the
measurement range of system is extended to 276.87 um, allowing for 138.44 um gradient measurements. Ex-
perimental results demonstrate that the measurement error of the system for a step with a nominal high of
80 pm is 7.00%, with a minimum detectable height variation of 10 uym. Furthermore, the long-distance meas-
urement capability of the system was confirmed, and off-line measurements were conducted on a dismantled
divertor from a tokamak device, proving that the system can be applied to the topography measurements of

the divertor.
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1 Introduction

EAST serves as a key device for magnetically
confined controlled nuclear fusion, representing a
concrete embodiment of the tokamak concept. The
divertor is an important part of the plasma wall in
the tokamak fusion device, which is responsible for
transporting most of the thermal energy out of the
plasma. When the high heat load surpasses the max-
imum value that the divertor is capable of with-
standing, the surface of the wall material will be
damaged. The overall performance of tokamak is af-
fected by the change of wall material topography™.
It is of great significance to develop a topography
measurement system suitable for the divertor. Digit-
al holography can meet inspection requirements due
to its non-contact, high-resolution, and three-dimen-
sional (3D) imaging properties?. In a single-wave-
length digital holographic system, the phase data ob-
tained from the hologram is wrapped in the range
[-m, n]¥. The maximum measurable optical path
between adjacent sampling points is limited to the
wavelength range.

The dual-wavelength digital holography is pro-
posed to expand the measurement range by select-
ing two suitable single wavelengths to obtain a lar-

ger synthetic wavelength. Dual-wavelength holo-
graphy is widely used in various fields with the
measurement range increased, such as refractive-in-
dex measurementst), volume measurements®, and
3D topography measurements®. The coaxial dual-
wavelength holography needs to introduce phase
shift for two different wavelengths respectively.
The off-axis structure facilitates the single frame ac-
quisition to meet the need of rapid measurement.
One way to capture holograms in a single frame is
to use a color camera®, which separates the holo-
grams for different wavelengths via distinct color
channels. Color camera operates in a specific
wavelength band and therefore limits the measure-
ment range. Another way is to use a monochrome
cameral®*! to achieve spatially multiplex holograms
of different wavelengths. This method can break the
limitation of wavelength selection, and suitable
wavelengths can be selected according to the need.
When reconstructing the intensity and phase of the
object beam®*, the diffraction process has to be
simulated with the appropriate reconstruction dis-
tance. Image plane digital holography™ avoids
the complex process of simulating diffraction and
simplifies data processing while improving the later-
al resolution of the systemi¥, The dual-wavelength
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technology and image plane digital holography are
employed to realize 3D reconstruction in micros-
copic imaging® >, The systems mentioned above
are constrained by their structural configurations
and the low coherence of the illumination sources,
and therefore can only achieve short-distance meas-
urements. For long-distance measurements, Wolf-
gang"® measured the surface topography of the
tungsten blocks and the aluminum plate at 23 m and
14 m respectively. Due to the different paths of illu-
mination beam and imaging beam, the system can-
not be placed in the upper channel of the tokamak
device for topography measurements of the divertor
at the bottom of the device. The narrow and long
passage in the upper window of the tokamak device
does not allow for the design of a system structure
where the illumination and imaging have different
optical paths.

In this paper, we employ a same-path scheme
to build a long-distance surface topography meas-
urement system. Combining dual-wavelength and
image plane holography technology, the range can
be expanded while simplifying data processing and
enabling measurement of surface topography with
large gradient change. The feasibility and sensitiv-
ity of the system are evaluated through the measure-
ment of the surface topography of standard gauge
blocks. The measurements of coin surface at differ-
ent distances further verify the applicability of the
system for long-distance measurement. Finally, the
surface of the divertor is measured off-line for valid-
ation.

2 Principle

The same-path dual-wavelength image digital
holography system with a long-distance is shown in
Fig. 1(a) (color online). The whole system can be
divided into two parts: the illumination part and the
imaging part.

The illumination part, as shown in the orange
area of Fig. 1(a), comprises high-power light so-

urces and a fiber optic combining system. Two high
power lasers of different wavelengths are utilized
for coherent illumination to ensure that the object
has enough scattered light to produce a hologram
with a high signal-to-noise ratio (SNR). The fiber
optic combining system is employed as beams
combining and powers distribution, as shown in
Fig. 1(b) (color online). The light output from ports
A and D will be used as reference lights of different
wavelengths, and the light output from port O will
be used as the combined illumination beam. The
output illumination beam from fiber port O is col-
limated by the collimator L3 and then diverged by
the concave lens L4 to match the measured area.
The divergent beam is reflected by the plane mirror
(M) to the target surface after passing through the
beam splitter (BS1). The mirror M is employed to
simulate the first mirror in the erosion deposition
monitor (EDM) in the tokamak.
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Fig.1 (a) Schematic diagram of the proposed system. (b)
Fiber optic combining system

To accommodate many applications such as di-
vertor measurement in the tokamak fusion device,
the scattered light carrying target surface informa-
tion should travel back along the illuminated path.
The imaging part is shown in the purple region in
Fig. 1(a). After reflected by the BS1, the scattered
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light arrives at the CCD after traveling through the
image lens L5 and the BS2. The target surface is im-
aged by the image lens L5. With different incidence
angles, two reference beams with different wave-
lengths emitted from ports A and D are combined
by the BS3. The combined reference beams arrive at
the CCD after passing through the BS2. The refer-
ence beam and the detection beam of the same
wavelength interfere with each other. The CCD re-
cords the digital hologram of the multiplexed image
plane. By adjusting the angle of reference beams,
the two wavelength holograms have different spa-
tial frequencies, so that the spatial spectrum of
single frame holograms is separated from each oth-
er. Fig. 1(a) shows the spatial multiplexing of a
single frame digital hologram.

Dual-wavelength image plane digital holo-
gram is a superposition of two single-wavelength
holograms. The hologram recorded by CCD is ex-
pressed as follows:

1(XY) SjRef” +JOuj? +Rof’ +]Oo"+

R,0;+R;0; +R,0, +R,0, ;

where, * denotes the complex conjugate. O; (i=
1;2) and R; (i=1;2) represent the complex amp-
litudes of object beams and reference beams corres-
ponding to different wavelengths, respectively. On
the spectrum of a hologram, the first four terms are
zero-order terms located at the center of the spec-
trum. The last four terms are the + 1st orders of dif-
ferent wavelengths, which are distributed along the
two diagonal lines of the spectrum. Frequency do-
main filtering is used to remove interference from
the zero order terms and conjugate terms. Firstly,
the spectrum corresponding to the object light is ex-
tracted and is moved to the center of the spectrum.
Then, the Fourier inverse transform is performed
and the phase is extracted. The phase corresponding
to a single-wavelength includes the object phase,
distortion phase, and noise phase, which can be ex-
pressed as follows:

nmw=mmJFl F1(xy) mu;

where, g 1, denotes extracting the +1st-order spec-
trum;  denotes shifting the +1st-order spectrum to
the center; F denotes the Fourier transform; F !
denotes the inverse Fourier transform.

Synthetic wavelength corresponding phase is
the phase difference of two wavelengths and can be
expressed as follows:

a(Xy) =71(xy)  TaAxy) =
2
where = ; ,/j , 4 is the synthetic wave-
length, denotes optical path length.

Due to the type of surface be measured, the
phase corresponding to the synthetic wavelength
may still exhibit discontinuous phase conditions. It
must be unwrapped into a continuous phase using
the unwrapping algorithm*®. The phase noise of the
dual-wavelength will increase as the synthetic
wavelength expands®, and for this system, the in-
fluence of speckle noise on the phase is mainly con-
sidered™-?2, In addition to the random phase differ-
ence introduced by the speckle noise, the structure
of the off-axis image-plane holographic system will
also introduce phase distortion. Both noise and dis-
tortion will affect the results of the topography
measurement.

a(xy)= oY)+ W(xy)+ a(xy)

where  ,(x;y) is the object phase, ,(x;y) repres-

ents the noise phase, and  4(X;y) denotes distortion
phase.

In this paper, the sine-cosine filtering method is
combined with the median filtering method to re-
duce the effect of noise on the phase. The distorted
phase is compensated by double-exposure, and then
the true phase of the object surface is obtained. Ac-
cording to the transformation relationship between
phase and height, the surface topography of the ob-
ject can be obtained. The transformation relation-
ship between phase and height is as follows:

me=;



1 DING Meng-yu, et al. : Same-path dual-wavelength image plane digital ...... 223

3 Experimental verifications

The system setup is shown in Fig. 2 (color on-
line), where Fig. 2(a) shows the overall layout of
the system, Fig. 2(b) presents the step sample, and
Fig. 2(c) illustrates the specific construction details
of the illumination part and imaging part. The
wavelengths of the lasers employed are 531.93 nm
and 530.91 nm, with powers of 115.50 mW and
71.31 mW, respectively. The coherence lengths are
larger than 50 m. The coupling efficiency is adjus-
ted to achieve the similar illumination power of the
two lasers. The optical power loss at the fiber flange
connection is approximately 4 mw, and the final
output power at port O is 31.84 mW. Fiber ports A
and D are the reference paths for ; and ,, with an
output power of about 0.38 mW, which is 1/83 of
the output power of port O. Therefore, even on large
gradient surfaces or strongly scattering surfaces, it
can also ensure that objects have enough scattering
light to produce a hologram with high SNR. The im-
age lens L5has a focal length of 500 mm and
25.4 mm diameter. A metallic mirror of a 50.8 mm

Hologram

Spectrum

Frequency-shift

diameter is employed to simulate the first mirror in
the observation windows in the tokamak device. The
mirror is placed 1.5 m away from BS1. The mono-
chrome CCD has 1920x1200 pixels, an 8-bit dy-
namic range. It is located on the image plane of the
lens L5 for holograms recording.

Fig.2 The experiment layout. (a) Overall system layout.
(b) The 80 um step object. (c) Specific structures of
the illumination and imaging parts

To demonstrate the feasibility, standard gauge
blocks were selected as the target objects, which
were manufactured according to DIN 816. Gauge
blocks with nominal lengths of 1.09 mm and
1.01 mm were selected to construct a step height of
80 um, as shown in Fig. 2(b). They were placed 1 m
away from the first mirror M. Fig. 3 shows the topo-
graphy reconstruction process of the 80 um step.

Fig. 3 Numerical reconstruction process of 80 um step

Due to the different angles of the two refer-
ence beams, object beams of different wavelengths
can be separated in Fourier space. The spectrum of
the object was extracted and moved to the center of
the spectrum, while the remaining parts were filled
with zeros. Then, the phase corresponding to a

single wavelength was obtained through Fourier in-
version and phase extraction. The synthetic wave-
length phase was derived by subtracting the single-
wavelength phases. To obtain the correct phase of
the object, filtering and distortion correction were
applied to the synthesized wavelength phase. Fi-
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nally, the topography of the step was obtained by
transforming the relation between phase and height.
The measurement result of the step was 74.40 pum,
with a relative error of 7.00 %.

When highly coherent lasers illuminate the sur-
face of a rough object, speckle noise with randomly
distributed intensity will be generated. Highly co-
herent lasers on rough surfaces generate speckle
noise with random intensity distribution. Speckle
noise will be amplified in dual-wavelength measure-

(b)

ment systems, which greatly limits the measure-
ment sensitivity of the system. To assess sensitivity,
gauge blocks with nominal lengths of 1.02 mm and
1.01 mm created a step surface with a height of
10 pm, as is shown in Fig. 4(a) (color online). The

step was placed 1 m away from the first mirror.
Fig. 4(b) shows the topography of the red area in
Fig. 4(a), and the red line outline in Fig. 4(b) is
shown in Fig. 4(c). The measurement result was
10.5 pm, with a relative error 5.00 %.

Fig.4 10 pm step measurement results. (a) The 10 um step object. (b) Topography map representation with a 10 um step. (c)

Outline of the red line in (b)

To validate the long measurement distances, a
coin as the test object, was placed at 1 m to 5m
from the first mirror, with a spacing of 1 m. Fig. 5

Pixel

© 40100 200 300 400 mm

(color online) shows the 3D images of the surface

topography of the coin at different distances.

0.10
0.08
100 0.06
i
3200 0
% 300
400

Fig. 5 3D topographies of coin at different distances. (a)-(e) 3D topographies of coin located 1m to 5 m away from the first

mirror M, with a spacing of 1 m

Tab. 1 shows the corresponding Root Mean
Square (RMS) values of the 3D topography. Under

different measurement distances, the deviations
among the RMS values of the coin surface topo-
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graphy were less than 0.0003 mm. As the measure-
ment distance increases, the number of pixels occu-
pied by the coin surface decreases. Tab. 1 shows
that even though the resolution decreases, the RMS
value remains stable.

Tab.1 RMS values corresponding to 3D topography at
different distances

Distance (m) 1 2 3 4 5

RMS (mm) 0.0142 0.0142 0.0143 0.0145 0.0145

With the focal length change of the imaging
lens L5, the reconstructed image with high resolu-

Pixel

tion can be acquired in different measurement dis-
tances. The coin surface topography results were
reconstructed in different distances of 2m, 3.5 m,
5 m away from the first mirror. The corresponding
results are illustrated in Fig. 6 (color online). The
RMS values corresponding to Fig. 6(a)-6(c) are
0.0142 mm, 0.0142 mm and 0.0143 mm, respect-
ively. Under the condition of ensuring the same res-
olution, the RMS values deviation of coin surface
morphology at different measurement distances
were less than 0.000 1 mm. The above results indic-
ated that the system could maintain stable measure-
ment results at different distances.

a
@ 0 200 400 600 8001000
0.06
200 0.04
0.02
g 400 0
2

800

1000

Fig. 6 Topography of coin. (a) Coin at 2 m from the first mirror.

the first mirror

An element of the divertor removed from the
tokamak device was taken as the object. A tin sheet
was attached to the surface of the divertor by tin
welding to simulate the surface deposition of the di-
vertor. Fig. 7(a) (color online) shows the divertor
surface, where the red area is the simulated surface
deposits. Fig. 7(b) shows the topography of the red

1000
800

600

Pixel

400

200

(b) Coin at 3.5 m from the first mirror. (c) Coin at 5m from

area in Fig. 7(a), and the red line outline in Fig. 7(b)
is shown in Fig. 7(c). The gradient of the tin sheet
is 88.00 um, which can be seen in the red line of
Fig. 7(b), and the tin sheet contour is basically con-
sistent with red area in Fig. 7(a), indicating that the
system can be used for topographic monitoring of
the divertor.

AAAA £ I\A-.\‘
A/ AcACA SV {Vv

Fig. 7 Divertor topography measurement result. (a) The divertor surface, where the red areas are simulated surface deposits.
(b)The topography of the red area in (a). (c) The red line outline in (b)
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4 Conclusion

We proposed a same-path topography measure-
ment system for long-distance, which is expected to
be used for the divertor topography monitoring in
the tokamak device. The selected two lasers had a
wavelength difference of 1.02 nm which accom-
modated topography measurements with gradient
changes of less than 138.44 um. A smaller wave-

range. Combined image plane holography with spa-
tial multiplexing of holograms, single frame acqui-
sition of image plane hologram was realized. Ex-
perimental results showed that the system could
measure rough metal surfaces at 5m away from
the first mirror. The 10 um step was measured with
an error of 5.00 %, which indicated at least a sensit-
ivity of 10 um. With the addition of the short-time
exposure of the camera in the future, on-line diver-
tor topography monitoring is expected to be real-

length difference allows for a larger measurement ized.
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