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We propose a method to measure the flatness of an object with a petal-like pattern generated by the interference of
the measured orbital angular momentum (OAM) beam and the reference OAM beam which carries the opposite OAM
state. By calculating the difference between the petal rotation angle without/with the object, the thickness information
of the object, and then the flatness information, can be evaluated. Furthermore, the direction of the object’s flatness can
be determined by the petal’s clockwise/counterclockwise rotation. We theoretically analyze the relationship between the
object’s thickness and petal rotation angle, and verify the proposed method by experiment. The experimental results show
that the proposed method is a high precision flatness measurement and can obtain the convex/concave property of the
flatness. For the 1.02 mm glass sample, the mean deviation of the flatness is 1.357x 108 and the variance is 0.242x 10719,
For the 0.50 mm glass sample, the mean deviation of the flatness is 1.931x 108 and the variance is 2.405x 1076, Two
different topological charges are adopted for the 2.00 mm glass sample, and their flatness deviations are 0.239x 1078 (£ =1)
and 0.246x 108 (¢ = 2), where their variances are 0.799x 1018 (¢ = 1) and 0.775x 10~ 18 (¢ = 2), respectively. It is shown
that the flatness measured by the proposed method is the same for the same sample when different topological charges are
used. All results indicate that the proposed method may provide a high flatness measurement, and will be a promising way

to measure the flatness.
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1. Introduction

The flatness is the difference between the unevenness and
the absolute level. It indicates the maximum deviation from
the plane of the surface, and the plane is generated by fitting
the measured values at various positions. The precision mea-
surement and evaluation of the geometry form error for high-
end precision components is one of the most important tasks
for metrologists.!!! It is often necessary to conduct a surface
flatness inspection to evaluate the flatness quality of the target
structure in practical applications, such as optical surfaces!?!
and aero-engine rotor connection surfaces. [!!

Compared with other measurement methods, optical
measurement has the advantages of high precision and no
contact.l¥ That is, the optical measurement can provide a
highly precise measurement meanwhile it does not require
contact with the measured object, so it can avoid the target
object’s deformation or damage, and it is especially safe and
reliable for handling the sensitive or fragile materials. Among
optical approaches, such as reflectometry, ! ellipsometry,’!
confocal microscopy(®! and interferometry,!”! the optical inter-
ferometry method can measure thicknesses with direct trace-
ability to a length standard. With the consideration of the de-
mands by the semiconductor and display industries, the opti-
cal interferometry method is an optimal solution in terms of
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the measurement ranges used and levels of precision required.

Like amplitude, frequency and phase, orbital angular mo-
mentum (OAM) is a type of freedom of physical quantity
carrying information. It has a spiral phase characterized by
exp(il0), where 0 is an azimuthal angle and ¢ is the topolog-
ical charge (TC). In 1992, it was first experimentally demon-
strated that each photon in the Laguerre—Gaussian (LG-OAM)
beam had ¢4 OAM.!3! The properties of the OAM state (the
value of ¢ is ranged from the negative infinity to the pos-
itive infinity, the different / OAM states are orthogonal to
each other!®!91) make the OAM’s system capacity and fre-

10-

quency band utilization be greatly increased.!'%-1#l At present,

OAM has been found in extensive applications in free opti-

n, 15161 optical communication,!'”! wireless

cal communicatio
communication, ! etc.

Also, the petal-like intensity distribution obtained by su-
perimposing two OAM beams with opposite TC values has
received wide attentions in high-precision measurement. For
instance, Lavery et al. realized the detection of a rotating ob-
ject by using a beam carrying OAM.I!1 Guo et al. studied
super-sensitive rotation measurements using an OAM atomic-
optical hybrid interferometer.!*’! Zhai er al. demonstrated
the feasibility of the remote detection of a rotator based on
the rotational Doppler effect.[*!! Xiao et al. demonstrated
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the detecting rotational vibration using a beam-carrying OAM
in a Sagnac interferometer.[*”] Zhai er al. realized the an-
gular acceleration detection based on the optical rotational
Doppler effect of the OAM beam.!?3! Emile ef al. reported
a naked-eye picometer resolution in Michelson interferome-
try using Laguerre-Gauss (LG) beams containing OAM. [>4]
Zhu et al. used the OAM of light to measure the dynamic
micro-displacement and direction in real time, which demon-
strated that the proposed sensor achieved high precision,?!
measured dynamic micro displacement, instantaneous velocity
and the direction of motion simultaneously, [26] and used inter-
ference petals for dynamic micro-vibration measurement. [>7!
At present, it is possible to use OAM interferometry to mea-
sure the displacement of an object’s movement, the direction
of the movement, and also the tiny moving speed.

Based on the above OAM petal interferometry measure-
ment work, in this paper, we propose a method to measure the
object’s flatness by generating a petal-like pattern with two
OAM states with opposite topological charges. We obtain the
relationship between the rotation angle of the petal-like pat-
terns and the flatness of the detected object at first, then we
validate the proposed measurement scheme by experiment.

The proposed flatness measurement method has some ad-
vantages and limitations. Firstly, and most importantly, it has
a high precision. The experimental results show that for the
1.02 mm glass sample, the mean deviation of the flatness is
1.357x 1078 and the variance is 0.2142 x10~'®. For 0.50 mm
glass sample, the mean deviation of the flatness is 1.931x 1073
and the variance is 2.405x 10716, Secondly, it has a wide ap-
plicability due to no contact. One can redesign the experi-
mental setup to avoid contacting the object, like the setups

25261 Here, the setup is only adopted for con-

in our works.|
venience. Normally, there are three different types of optical
interferometry, such as monochromatic laser interferometry,
low-coherence interferometry, and spectral interferometry.!’]
Compared to the existing optical interferometry methods, the
proposed method can avoid the 27 ambiguity problem in the
monochromatic laser interferometry method, has a faster mea-
surement speed than that of the low-coherence interferome-
try method, and does not need the wide wavelength range and
high wavelength resolution of the spectrometer in the spectral
interferometry method. Of course, there are some limitations
to the proposed method. For example, the method is easily
disturbed by the environmental disturbance due to the inter-
ferometric system structure, and has a smaller non-ambiguity
range in comparison with the low-coherence interferometry
method.

2. Theory

The schematic diagram of the proposed flatness measure-
ment scheme is illustrated in Fig. 1. A Gaussian beam from the

laser is turned into an OAM beam when it is passed through
a spiral phase plate (SPP), or is reflected from a light spatial
modulator (SLM) which is carrying a phase distribution of an
LG mode. For an LG-OAM beam, ¢ is the azimuthal index
giving an OAM of /i per photon, and p is the number of radial
nodes in the intensity distribution. Under cylindrical coordi-
nates, the electric field amplitude of an LG-OAM beam prop-

agating along the z-axis direction can be expressed as!!28]

LG),(r,6,2)

B 2p! 1 [rva)"
NV zlp 1w [w)
ikor’z }

e
X exp [—i(2p+|€ +1)tan™! (zi)} , (1

where the 1/e radius of the Gaussian term is given by w(z) =
w(0) [(*+2R) /24] /2 with w(0) being the beam waist, zg is
the Rayleigh range, and (2p + |¢| + 1) tan~!(z/zR) is the Gouy
phase. L‘]f‘ (x) is an associated Laguerre polynomial.'*! When

p =0, Eq. (1) can be rewritten in a simpler form as*>!

E((r,0,z) = A(r,z) exp(if0), 2)

where A(r,z) represents the amplitude information, and 6 is
the azimuthal index.

Mirror 3
=1 Bsi1 \
E1l
Laser —— M 5
PP irror
E2
— N\ CCD
Mirror 1 Glass BS2
sample

Fig. 1. The schematic diagram of the proposed measurement method
based on OAM interference.

Then, the OAM beam is divided into a reference beam
(E1) and a measurement beam (E,) through a beam splitter
(BS1). After the reflections of mirror 2, mirror 3 and BS2, the
reference beam is expressed as

E(r,0,2) = A (r,z) exp(—il0). 3)

On the other hand, after it is first reflected by mirror 1 and
then passes through an object (for example, a glass sample),
the measurement beam can be described as

E>(r,0,z) = Ax(r,z) exp(i€0) exp(iknd), 4)

where d is the thickness of the sample (such as glass), n is the
refractive index of the glass sample, k = 2m/A is the wave
number and A is the wavelength of the beam. Finally, the
petal-like patterns are generated by the interference at BS2,
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and can be recorded by a charge-coupled device (CCD), that

is,

1

|E\(r,0,2) + Ea(,0,2)|*

(E1(r,0,2) +Ex(r,0,2))(E1(r,0,2) + E2(r,0,2))*

= 41 (n2)* + |Aa(r2)
+2|A1(r,2)||A2(r,2)| cos(2£6 + knd), (5)

0
0

where the number of interfered petals is 2¢. The petal-like
pattern should be rotated at the instant the glass sample is
in or out. In order to measure the petals’ rotation angle pre-
cisely, the maximum value of intensity is selected as the fea-
ture point, that is, the brightest position at each petal when
200 +knd =2mm (m=0,1,2,3,...). Hence, the angle of each
feature point can be described as
nnd mmw

+—. (6)

O=—70 "7

Furthermore, for the same object (the same glass sample), the
relationship between the flatness of the object (Ad) and the
angle of the petal’s rotation (A@) can be described as

_ nAd
Al

A6 = @)
It is shown that the A increases with the flatness of the glass
sample Ad. Therefore, one can obtain the relationship between
the flatness of the glass sample Ad and the petal rotation angle
AO, when ¢ and n are fixed,

Ad = ——A6. ®)
nmw

In addition, we can obtain the flatness direction according
to the rotation direction. If the petals are in the clockwise rota-
tion, the flatness is concave. While it is convex, the petals are
rotated anticlockwise. By measuring the rotation angle and di-
rection of the petal-like pattern, the flatness of the glass sample
can be measured and analyzed.

Here, we also present a detection method for detecting
the rotation angle and the direction of the petal-like patterns
by the intensity values on the sampling point. The details are
described in Fig. 2 with the following steps.

(1) Obtaining a symmetrical petal pattern and taking the
petal pattern picture at the center of the camera, then fitting
out the center point of the pattern image, recorded as (xo,yo).
Arbitrarily selecting a radius (r) (with which a circle can cross
the symmetrical petals with the selected center point (xo,y0)),
then drawing the sampled circle (the green circle) with the pa-
rameters (xg,Yo), r. The center point (xg, o), the radius r and
the sampled circle (the green circle) can then be obtained in
the original petal-like pattern.

(2) Archiving the intensity distribution values at the sam-
pled point on the original petal-like pattern with the sam-

ple points. The sampled circle is sampled with the angle

o= 2ﬁ’rm), where m = 1,...,M and M are sample numbers.
So each sampled point (x,,, ;) at Fig. 2(a) can be depicted as

+ cos(zn )
Xm =XoT7I" -—m],
M
©

. (2%
Ym = Yo+ r-sin Mm .

With the intensity distribution, the maximum intensity point
(A1 at Fig. 2(b)) and its corresponding coordinate values can
be obtained (for instance, M| = 751.752).

(3) Taking the rotated petal pattern picture when the glass
sample is added to the optical path, drawing a sampled cir-
cle (the green circle) with the parameters (xo,yo), r as shown
in Fig. 2(c). It is noted that the parameters (xo,yo), r are the
same as those at step 1.

(4) Archiving the maximum intensity point (A, at
Fig. 2(d)) and its corresponding coordinate values (for exam-
ple, M> = 17.107) for the rotated petal-like patterns. Then, the
rotation angle is computed as

_ 2m

AO = == (M) — M>). (10)
M
Intensity against sampling point
3()0 X 751.7
Y 254
A (b)
o ‘
g
= 100
o \
800 1000

0 200 400 600
Sampling point

Intensity against sampling point

300y 7o
¥ (d)

Intensity
)
S
S

—
[}
(=)

0 200 400 600 800 1000

Sampling point

Fig. 2. (a) Obtaining the center point, the radius and the sampled circle
for the petal-like pattern without object (named original petal-like pattern),
(b) archiving the intensity distribution at the sampling point on the original
petal-like pattern Ay, (c) drawing the sampled circle for the petal-like pattern
with the object (named the rotated petal-like pattern) with the obtained center
point, radius, (d) archiving the intensity distribution at the sampling point on
the rotated petal-like pattern A.

3. Experimental result

In this section, we discuss the feasibility of the pro-
posed method by experiment. Figure 3 is the experimen-
tal setup for the proposed scheme. The Gaussian beam with
wavelength 632.8 nm is generated by a diode-pumped solid-
state laser (MGL-III-632-100 mW). A spatial light modula-

tor (SLM, Holoeye PLUTO-2-VIS, 1920 x 1080 pixels, pixel
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pitch 8.0 um) is used to generate an OAM beam. After the first
beam splitter, the beam is divided into a reference beam and

cate point D from point A by moving vertically 6 mm. With
horizontal and vertical moving (6 mm), all nine measurement

a measurement beam. The measurement beam passes through
an optical uniformity glass sample, which has a refractive in-
dex of 1.47 and a good light homogeneity, and the size is
25 mmx25 mm. Finally, the petal patterns are generated at an-
other beam splitter, and captured by a CCD (Thorlabs, Model
BC106N-VIS/M).

The petal-like interference patterns at each detection
point are recorded by CCD. Nine detection points labeled as
A to I in Fig. 3 are used to be detected so that the measure-
ment beam can pass through different areas, and 5 times for
each detection point are adopted to archive the average value.
Nine detection points are selected because the flatness of the
glass sample can be obtained due to its unflatness. Here, the
selection of the nine points (nine locations on the sample) is
arbitrary. In order to make the experimental measurement be
more convenient, we choose randomly point (A) at first, then
we move 6 mm horizontally to get point B, since the scale in

points can be achieved with the same strategy.

the experimental platform is 1 mm, it is easy to locate point
B, then locate point C in the same way. Similarly, we can lo-

Fig. 3. The experimental setup for the proposed method with OAM interfer-
ence. BS: beam splitter, SLM: spatial light modulator.

|__I_f_l__—I___I___T__—I'__'I___I

Average |
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L

N | H e
| 254,
273 47130 271 22532 270 70280° 271.71180°

» H -
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259.57487°

270 5861°
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Fig. 4. The interference petal-like patterns for nine points, together with the rotated angle degrees. These are performed five times for each
point from A to L. The thickness of the glass sample is 1.02 mm.

-
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Figure 4 shows the interfered petal-like patterns at A to
I (9 points) for a glass sample (1.02 mm), together with their
evaluated rotation angles. The topological charge of the used
LG beam is 1. These are performed five times for each de-
tection point from A to I. We calculate the angle of petal
rotation by using the method mentioned above. For exam-
ple, for point A in Fig. 4, according to the method described
in Fig. 2, the maximum intensity points M| = 769.77 and
M, = 50.05 are measured, where M = 1000, then the rotation
angle (259.09920°) can be calculated by Eq. (10). The results
show that with the proposed method and the presented detec-
tion scheme, one can obtain the rotation angles when the glass
sample is in/out. For the different detection points, the rotated
angles are different. In addition, the rotated angle at one point
has small fluctuations for different time measurements due to
the environmental disturbance.

Then we list all the thicknesses calculated from the ro-
tated angles and the corresponding flatness in Table 1, where
two glass samples are used: one thickness is 0.50 mm, the
other is 1.02 mm. The thickness corresponding to each point
is the result of averaging the five measurements.

Here, the flatness deviation (D) and the variance (V) are
used to express the precision. Both the flatness deviation and

the variance are defined as

D = |Tmearsured - Teample

)

S XLD0)
n b
n - D)2
V= i:l(DE:)_D) , an

where Thearsured 18 the calculated thickness by the mean mea-
sured rotation angle, Tsample is the real thickness of the sample
provided by the manufactory, D(i),i € A,...,I are the calcu-
lated flatness deviations for each measured point, and 7 is the
measurement point number, here it is 9. The smaller flatness
deviation variance indicates a good flatness, while a larger de-
viation variance value indicates a bad one. We measure the
flatness of different positions and obtain the corresponding
flatness deviations. For the 1.02 mm glass sample, the mean
deviation of the flatness is 1.357 x 10~3 and the variance is
0.242 x 107'®. For the 0.50 mm glass sample, after the mea-
surements and the thickness calculations, the mean deviation
is 1.931 x 1073 and its variance is 2.405 x 10716, The smaller
value of the deviation variance indicates the smoother surfaces
the glass sample (1.02 glass sample) has.

Table 1. The mean rotation angle, calculated thickness and their flatness deviation for the two glass samples.

Mean rotation angle (°)

Calculated thickness (mm)

Flatness deviation D (x1078)

A 1.02 mm 255.93046
0.50 mm 267.74784
B 1.02 mm 271.04429
0.50 mm 278.32441
C 1.02 mm 257.71986
0.50 mm 252.16227
D 1.02 mm 266.39422
0.50 mm 271.40292
B 1.02 mm 260.10814
0.50 mm 251.74786
F 1.02 mm 271.93155
0.50 mm 263.18928
G 1.02 mm 259.57487
0.50 mm 275.17126
u 1.02 mm 271.12777
0.50 mm 264.60673
I 1.02 mm 260.54302
0.50 mm 276.36946

1.0199797 2.03
0.4999927 0.73
1.0200158 1.58
0.5000181 1.81
1.0199839 1.61
0.4999554 4.46
1.0200047 0.47
0.5000015 0.15
1.0199897 1.03
0.4999545 4.55
1.0200179 1.79
0.4999818 1.82
1.0199884 1.16
0.5000105 1.05
1.0200162 1.62
0.4999852 1.48
1.0199907 0.93
0.5000133 1.33

According to the obtained data in Fig. 4 and Table 1, we
also can determine the concave or convex conditions of the
glass sample. For instance, in Fig. 4, the petal-like pattern at
position B is rotated counterclockwise relative to that of posi-
tion A. Applying the directional judgment method outlined in
the theoretical section, we can obtain that position B is more
convex than that of position A.

This can also be verified by the data in Table 1. For the
0.50 mm glass sample, the petal-like pattern is rotated coun-
terclockwise. The result shows that the rotated angle at posi-

tion D is 271.40292°, which is greater than that of position A
(267.74784°), therefore, the petal-like pattern at position D is
relatively rotated counterclockwise in comparison with posi-
tion A, so we can obtain that position D is more convex than
that of position A. At the same time, the rotation angle at po-
sition E (251.74786°) is rotated clockwise relative to that at
position F (263.18928°), hence, point E is concave to that
of position F. It is shown that the concavity or convexity of
the glass sample can be obtained by the rotation direction of
the petal-like pattern. All the results show that the proposed
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method can measure the flatness with a smaller deviation vari-

ance with convexity.

4. Discussion

In this section, we present some discussions on the pro-
posed method.

Firstly, we discuss the impact of environmental distur-
bance on the proposed method. We perform an experiment,
and continuously record the interference petals for 1 minute
without the added object. Figure 5 demonstrates 6 frames for
every 12 seconds when the air conditioner is turned on/off.
The angle values of rotation are calculated and listed. Accord-

Air conditioner is turned on

T =
|_ -|_ Orlglnal timel time2 time3 Averagel Original

| | {:) Q @ 0 % |
% . O po! C) 0
|

3.77128° 3. 79526 3.71308°

mlﬂﬂww
5 <

4.48802° O % O ?( 182.30338°
O | (1 r:f Ho B S0

4 42967

|
|
B
| | - - 4239380
| °© 4.28547°
e | 2.18345° OX( O% O?t/
| G.-? @ @ @ Q;O e A N
| 2.13496° 2. 25928 2.11376°
| 3.85436° 3.87245° 3.89275° o
| E |
: 257832 256409
F
| | - - - -
| 2.02931° 2.01346° 2.04315°
| ° | - - | - e | @D
| 4.78462° 4 4.79208°
| &
|
|

2.57724° | 4

ing to the calculation, it is shown that the angle is affected
by the environment, but the average rotation is much smaller
(2.9192° when the air conditioner is turned on, and 0.1632°
when the air conditioner is turned off), which is much smaller
than those rotation angles caused by the roughness of the glass
sample. As can be seen from Table 1, the rotation angle is
about 15° when the detection point is moved from point A to
point B for the glass sample with 1.02 mm. It hints that the
roughness of the glass is the main factor on the rotated angle,
and the impact of the environment can be reduced by multiple
measurements. Furthermore, the main environmental distur-
bance may come from the vibrations caused by air condition-
ing noise.

Air conditioner is turned off
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Fig. 6. The interference petal-like patterns for nine points, together with the rotated angle degrees. These are performed five times for each
point from A to L. The thickness of the glass sample is 2.00 mm with £ = 1 and ¢ = 2, respectively.
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Secondly, we discuss the impact of the used topological
charge on the proposed method. We measure the flatness of
a new glass sample with 2.00 mm, and record all the rota-
tion angle’s changes under ¢ = 1 and ¢ = 2, respectively when
the air conditioner is turned off. Figure 6 shows the interfer-
ence petal-like pattern of nine points (A—I) and their rotation
angles under £ = 1 and ¢ = 2, respectively. Here, each mea-
surement point is measured five times, and only three of them
are demonstrated in the figure. The average value of the five
times measurement results is adopted to calculate the flatness
of the glass sample. The results show that for the 2.0 mm glass

sample, the flatness measured by the proposed method has al-
most the same precision when the used topological charges are
different. Compared with those results in Fig. 4, the fluctua-
tions among the five measured results at the same point be-
come smaller, which indicates that the impact of the environ-
mental disturbance on the proposed method has been reduced
by turning off the air conditioner.

Similarly, we list all the mean rotation angles in Fig. 6,
calculated thicknesses and their flatness deviations in Table 2,
when two different topological charges (¢ = 1 and ¢ = 2) are
adopted.

Table 2. The mean rotation angle, calculated thickness and their flatness deviations D with different topological charges.

Mean rotation angle (°)

Calculated thickness (mm)

Flatness deviation D (x 10~8)

A (=1 3.70009
(=2 181.84104
B (=1 4.23938
(=2 182.17081
c (=1 2.18345
(=2 181.18816
D (=1 3.81589
(=2 181.93240
B (=1 4.57381
(=2 182.33369
F (=1 2.07155
(=2 180.97933
G (=1 4.72235
(=2 182.26025
H (=1 4.48802
(=2 182.30338
I = 2.57724
(=2 181.25688

2.0000012 0.12
2.0000012 0.12
2.0000025 0.25
2.0000028 0.28
1.9999981 0.19
1.9999981 0.19
2.0000015 0.15
2.0000016 0.16
2.0000033 0.33
2.0000035 0.35
1.9999973 0.27
1.9999971 0.29
2.0000037 0.37
2.0000032 0.32
2.0000031 0.31
2.0000034 0.34
1.9999985 0.15
1.9999984 0.16

For the 2.00 mm glass sample, the mean deviation
of flatness is evaluated as 0.239x10~% and its variance is
0.799x10~'® when ¢ = 1. Similarly, for the same glass sam-
ple, the mean deviation of the flatness is 0.246x 10~8 and the
variance is 0.775x 107 '8 when ¢ = 2. It is shown that for the
same sample, the proposed measurement method has the same
results when different topological charges are adopted. At the
same time, compared to the results in Table 1, the flatness de-
viation values for the nine measurement points are decreased
in Table 2, when the air conditioning is turned off. Simultane-
ously, the variance of the flatness deviation (0.799x 10718, ¢ =
1) is greatly reduced in comparison with the variance evalu-
ated in Table 1. It is shown that the environmental disturbance
can be reduced by turning off the air conditioner. However,
the difficulty in locating the maximum intensity points (M
and M, shown in Fig. 2) is increased when a larger topological
charge is used, thus affecting the measurement result.

5. Conclusion

In the paper, we present a measurement method for the
flatness of an object by using the petal-like patterns generated

by the interference of two Laguerre—Gaussian beams carrying
opposite. By calculating the petal rotated angle caused by the
coaxial interference between the measured OAM beam and the
reference OAM beam, the thickness information, then the flat-
ness information can be evaluated. The concave and convex
direction of the target surface is also determined by the petal-
like pattern rotation direction. In order to reduce the influence
of environmental disturbance during the experiment, multiple
measurements are adopted at each detection point, and the av-
erage rotated angles are used for the flatness calculation. Three
different thickness glass samples are used for the experiments,
and their flatness deviations are 1.357x10% (1.02 mm glass
sample), 1.931x1078 (0.50 mm glass sample), 0.239x 1073
(2.00 mm glass sample, ¢ = 1), and 0.246x 1078 (2.00 mm
glass sample, £ = 2), respectively. Correspondingly, their vari-
ance are 0.242x10710, 2.405x10716, 0.799x 10718 (¢ = 1),
0.775x 1078 (¢ = 2), respectively. The experimental results
show that the proposed method can realize a high-precision
flatness measurement. For the same glass sample with differ-
ent topological charges, the measurement results are almost
the same, and the flatness variance can be greatly reduced by
suppressing the environmental disturbance.
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