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Abstract

Near-field lattice spectroscopy has shown that the structure information for a lattice or periodic pattern can be obtained by
measuring the diffracted spectrum of a broad-band light source at one spatial position. This technique is verified exper-
imentally using a transmitting grating, supercontinuum white light laser, and a reflective concave mirror. The calculated
grating’s period from the detected lattice spectroscopy is close to the measured period with an optical microscope, which

demonstrates the validity and feasibility of this scheme.

1 Introduction

The deciding of parameters for periodic configurations,
such as a grating or crystal lattice, is of important in
measurement science. For examples, the 2-D grating pro-
jection is used to determine the 3-D profile (Su and Zhang
2010), periodic photonic crystal fibers for optical sensing
(Frazao et al. 2009), and diffraction grating for displace-
ment measurement (Lu et al. 2016). There are many tra-
ditional ways to determine the period of the objects, for
examples, direct measurement with optical microscope, or
indirect one like the X-ray crystallography (Keen 2014)
obtaining the period from the monochromatic diffraction
pattern from the crystal lattice.

Recently a spatial-spectral correspondence relationship
for mono-poly chromatic light diffraction was proposed by
the author (Han 2018). It states that in the domain of
paraxial region (i.e. where the Fresnel (near-field)
approximation or Fraunhoffer (far-field) approximation can
be applied), the spatial distribution of mono-chromatic
light diffraction corresponds to the spectral distribution of
poly-chromatic light, under the condition that the incident
light is fully spatially coherent and completely position
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independent in the structure region causing the diffraction.
This relationship has been applied successfully and many
important results or interesting effects were found, such as
the lattice spectroscopy, Talbot spectrum (Han 2015),
Fresnel zone spectrum (Su and Zhang 2010), absolute
range finder (Hsieh and Han 2018; https://www.keyence.
com/products/measure/spectral/si-f/index.jsp; Wu et al.
2016) and spectral switches (Pu et al. 1999; Kandpal 2001).
The far-field lattice spectroscopy (Han 2009) is about
determining the structure of a periodic aperture (such as a
grating) by detecting the diffracted polychromatic spec-
trum at an arbitrary position, instead of recording the
monochromatic diffraction pattern with a photographic
plate or a sensor moving around in the space; the latter is
usually applied in crystallography and maybe more time-
consuming. To improve the convenience and utilization of
this method, the author suggested the near-field lattice
spectroscopy scheme (Han 2011), with which the diffracted
spectrum is measured at a focal plane of a convergent
mirror; consequently the needed space is reduced sub-
stantially. In this work, an experiment is performed to
verify the theoretical prediction; we find that the experi-
mental results agree well with the theoretical ones. In the
following, we will give the complete setup of the experi-
ment and explain the measured data in detail. This article is
organized as the following: First the introduction presents
the historic review and motives for the work. Next we
illustrate the measurement principle and derive the equa-
tions that will be used later for the calculations. Then an
experiment is executed to obtain the spectrum and it is
compared with the theoretic calculations. Finally we made
some conclusions and discussions.
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2 Measurement principle

The complete theory is described in the previous article
(Han 2011); thus we will just briefly review it here. Con-
sidering Fig. la, a one-dimensional transmission grating
with the following parameters: a is the width of transparent
part (white area in the figure), b is the period (one opaque
(shaded area) and one transparent stripe), and d is the total
width that is used by the incident light, which is usually
controlled by an adjustable iris that the incident light goes
through. This grating is placed at the aperture plane
(z=1z1), as shown in Fig. 1b; at distance [ behind it a
concave mirror is placed at (z = z,) with reflectivity R(w)
and focal length f,, where o is the angular frequency of the
incident light. In free space it is related to the wavelength 4
with the relation w = 27nc/ 4, ¢ being the speed of light. In
the following we will use @ or A interchangeably to rep-
resent the spectral variable. Note that here the converging
element is a mirror, instead of a lens, because the latter
results in a wavelength dependent focal length (due to the
material dispersion) for polychromatic light, which is not
desirable in this scheme.

Now a uniformly distributed and spatially fully coherent
broadband light with spectrum S;(w) is incident into the
grating at z = zy; it is first diffracted by the grating and then
reflected by the mirror. If a spectrum detector is placed at a
point P in the focal plane (z = z3, which is in front of the
mirror with distance f.) with vertical distance x3 (see
Fig. 1b), the detected spectrum with spectral variables @ or
A at P are:

S(P,w) x - R(w) - |Flg1)]* - Si(w) (1a)
S(P,2) oc @ - R(2) - |[Flgx)]* - S1(2), (1b)
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Fig. 1 a Schematic plot of a transmission grating. b The schematic
configuration of the near-field lattice spectroscopy
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where F[g(x;)] is the Fourier transform of the grating with
the spatial frequency f; =x3/Af. = x3/2ncf. The
aperture function of the grating in Fig. 1a is (Ilizuka 1983).

g(xp) :% [rect (%) * comb (%1)} ~rect(%), (2)
where rect (x'/a) is the rectangular function defined as
rect (¥/a) =1 for |x'| <a/2 and rect (x¥'/a) =0 for
IX'l > a/2, comb (x'/b) is the comb function defined as
combx'/b=0bbY " d(x' — bn), and the symbol * is the
convolution operation. From Eq. (2), under the condition
d > > a,b, we have

|Fg(x))])* o {sinc(maf,) - [comb(bf;) * sinc(ndf;)]}>,
3)

where sinc(x) is the sinc function defined as
sin ¢(x) = sin (x)/x. Substituting Eq. (3) into Eq. (1), the
diffraction spectrum S(P, w) is obtained, if R(w) and S (w)
are given. Figure 2 illustrates a typical normalized S(P, o),
where an assumed flat function of R(w) and Si(w) are
used. Note that the variable f, = x3/4 f. = @ - x3/27cf, in
the abscissa is a spectral variable because x3 and f. are set.
From Fig. 2 we see that if the diffracted is measured, one
or even all of the grating parameters (such as a, b, and d in
Fig. la) can be inferred. Usually the most concerned
parameter is the period b of the grating, which can be
decided by taking the spectral distance of the two spikes, as
shown in Fig. 2, and it will be illustrated below.

Note that the focal length of the mirror should be in the
near-field region because Eq. (1) is derived from the near-
field approximation.

S(P,w) < w* ~sir{cz(ﬂ'afx)
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Fig. 2 A typical near-field lattice spectrum of a period configuration
as in Fig. la
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3 Experimental setup and results

As mentioned above, the grating period can be obtained by
either recording the diffraction pattern of quasi-
monochromatic light or measuring the diffraction spectrum
of polychromatic light. We will do both. A transmission
grating is made with a Laser Pattern Generator (HIMT
DWL_2.0). The designed parameters are set with
a=3.0pum and b = 6.0 pm; however, because of the
fabrication error, after it is made and measured with an
optical microscope equipped with length measurement
function, the measured widths are a = 3.42 um and
b = 6.15 pm, as shown in Fig. 3a. The quasi-monochro-
matic light diffraction is check first. The setup is shown in
Fig. 3b, where a supercontinuum white light laser (NKT-
super compact model) beam is filtered by a narrow band
pass filter (center wavelength 634 nm and band width
5 nm) to give quasi-monochromatic light. Then it is
expanded with a beam expander that consists of a micro-
scope objective lens and a double convex lens. A 2-mm
diameter beam is acquired with an adjustable iris and it is
incident onto the grating. A lens with focal length
I =40 cm is used to bring the far-field diffraction pattern
onto the focal plane; as shown in Fig. 3c, the diffraction

% a= 3.42um
1
T b= 6.15um
(a)
Diffraction beams Screen

(c)

Super-

continuum
Laser }
400 ~ 2000

—

: / m-t
A =635nm I % 0,
1 <: m =0

pattern with different orders are clearly seen on the plane.
The diffraction angle 0, can be obtained by measuring the
longitudinal distance z and transversal one x with
0,, = tan"!(x,,/1), as in Fig. 3d. Table 1 shows the mea-
sured data and calculations. The calculated period b in last
column using the following grating equation (Hecht 2002):

b-sin(0,)=m-4i, m=0,+1, £2.., (4)

where 0,, is the diffraction angle, m the order, and center
wavelength 634 nm is used as the A. It is found that the
calculated periods agree well with the measured period
6.15 um in Fig. 3a, and the errors are less than 5%.

Next we check the near-field lattice spectroscopy. The
real and schematic setup is illustrated in Fig. 4a, b,
respectively, which is similar to Fig. 3b, with the following
differences: 1—the narrow band pass filter is removed. The
needed fully spatially coherent and uniformly-distributed
polychromatic light can be provided with the beam
expander and the suitable beam size set by the controllable
iris. 2—This collimated polychromatic light beam is dif-
fracted by the grating, as shown in Fig. 4b, and different
orders rainbow-like bands, due to the broadband property
of the light, are found in the image plane, see Fig. 4c. Note
that only two negative orders and one positive order beams
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Fig. 3 a The grating sample and its parameters. b The schematic setup. ¢ The diffracted quasi-monochromatic beams. d The schematic plot for

grating diffraction
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Table 1 Measured data for diffraction beams and calculations for
period

my;, order x (cm) 0, (°) Calculated period
b (um) with Eq. (4)
1 4.24 6.05 6.02
2 8.55 12.06 6.07
3 12.98 17.98 6.16
4 17.93 24.14 6.20
5 23.44 30.37 6.27

Fig. 4 a The real experimental
setup for the near-field lattice
spectroscopy. b The schematic
setup. ¢ The diffracted
polychromatic spectra. d The
spectrum of the super
continuum laser and detection
range of fiber spectrometer (the
red line on the abscissa)

Light

Source

are drawn schematically in Fig. 4b; actually the number of
bands are symmetric to the zero order and depend on the
period of the grating. Only the visible part of the spectrum
for zero and positive beams are photographed with com-
mon camera, as indicated in Fig. 4c. Actually the source
has much wider spectrum from 0.45 to 2.0 pm, as shown in
Fig. 4d, which is S1(1) in Eq. (1); thus there are infrared
spectrum following the rainbow band, as denoted by a
dark-red line in Fig. 4c. 3—A 10-cm diameter gold-coated
concave spherical mirror with focal length f. = 16 cm is
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placed in front of the grating to focus the diffraction light
onto the focal plane, as shown in Fig. 4c. The reflectivity
of gold is plotted in Fig. 5a, which is the R(4) in Eq. (1),
and it offers good reflectivity for wavelength larger than
460 nm.

The diffracted spectrum at the focal plane is detected by
a fiber spectrometer (Ocean USB2000) with a 10 pm
opening at the fiber end, as shown in Fig. 4a, b. The
spectrometer’s response in 400-1050 nm range, as indi-
cated by the red line in the abscissa of Fig. 4d. A typical
diffracted spectrum is shown at Fig. 5b, where two spikes
similar to Fig. 2 are observed; the number on the top of
each spike indicates the peak wavelength. In the following
we will interpret the relation in Fig. 2 (i.e. the spatial fre-
quency distance between two adjacent spikes is 1/b), and
explain how to decide the period b by measuring the dif-
fracted spectrum. To facilitate interpreting, the grating
diffraction part of Fig. 4b is redrawn as Fig. 6. Referring to
Fig. 6, the diffracted spectrum is detected by a fiber
spectrometer at P at the focal plane of the mirror (z = f,),
where the vertical distance to the center line of the mirror is
x3. Now considering that one of the wavelength compo-
nents in the first order beam, say 4 1, is diffracted into the
angle 6, satisfying Eq. (4), b -sin(6;)=2;, with m = 1.
However, we note that b -sin(0)=21; =2-(4,/2) =3
(A1/3), indicating that the second order of (1;/2) is also
diffracted into this angle, as well as the third order of /3,
etc. Consequently these wavelength beams are focused by
the concave mirror and detected by the fiber spectrometer
with its fiber head set at the reflection angle 0y, as shown in
Fig. 6. That is exactly why we can see several spikes in the
detected spectrum in Fig. 2; they should be related by the
orders (A1, A1/2, 21/3 ...) and their spectral distance
should be 1/b, as denoted in Fig. 2. This two spikes feature
can be observed in Fig. 5(b), which is the diffracted
spectrum taken at point P in Fig. 4c. From Fig. 4c, we see
that at P the infrared spectrum of the first order is over-
lapped with second order of the visible spectrum (In
Fig. 4c, for the purpose of clarity, we denoted the infrared

fe

Concave

X3 mirror
l Order 1
254, [2
White Light |
Laser > I > Order 0
|

| Grating

Fig. 6 Schematic plot and notations for interpretation of acquiring
period b

spectrum of the first order below the visible spectrum;
actually they are at the same level.) Thus both of the peak
wavelengths (949 and 475 nm) are detected at P, as in
Fig. 5b.

Now the relation that the distance between two adjacent
spatial frequencies is b as in Fig. 2(b) can be explained as
the following. If two adjacent spectral components 4, and
A >~ A1/2 are detected at some position P as in Fig. 5b,
each should correspond to spatial frequency fi = x3/A.f;
and f> = x3/Aof. = 2x3/A1f. = 2f; respectively, leading to
o —fi =x3/Mf. =tan(0;)/2;. Using the small angle
approximation tan(f;) ~sin(0;) and grating equation
b-sin(0;)=1;, above equation can be reduced to
= fi =x3/Mf.~sin(0y)/2; ~1/b. In other words, for
spikes come in the order (11, 41/2, 41 /3ldots, their spatial
frequencies are (1/b,2/b,3/b. ... Consequently the spec-
tral distance between any two adjacent spikes is 1/b, as
indicated in Fig. 2b.

Note that because the limited detection range of the fiber
spectrometer as in Fig. 4d, at most two spectral spikes can
be obtained in the diffracted spectra. In the following the
procedures to determine the period b are described and they
can be readily generalized to more than two spikes situa-
tion. First the setup is built as in Fig. 4a; the fiber head is
placed at arbitrary positon P on the focal plane of the
mirror. Second, we measure the diffracted spectrum and

Fig. 5 a The reflectivity of Au. 100 4000
b Diffracted spectrum at
x3 =2.54 cm __ 80
9 = 3000
= S
g 60 s 475
3 £ 2000 949
S 40 =
(72}
o =
= 2
< 20 S 1000
0 i ; ;
0.4 0.6 0.8 1.2 1.4 400 600 800 1000
A(nm)
(a) (b)
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take the peak wavelengths 4; and /J, in the decreasing
order; that means 4 is the peak with longer wavelength.

Table 2 Measured data and calculations for b

Third, we measure the vertical distance x3 from P to the X fem o A1 (om) #2(om) b ()
center of the mirror (horizontal dash line), as in Fig. 6.  2.46 8.743 939.18 470.05 6.192
Thus the diffraction angle for A; can be calculated as 0, 2.52 8.95 949.03 475.29 6.143
tan~!(x3/f.) with f. = 16 cm. Figure 7a—d show the dif- 256 9.09 960.06 480.82 6.182
fracted spectrum at different increasing x; values: (a)  2-60 9.21 970.74 485.13 6.065

2.50 cm (b) 2.54 cm (¢) 2.59 cm (d) 2.63 cm. Note that the
peak wavelengths denoted on each peak are round-off
values to the closest integers, the exact values are given in
Table 2. It is found that 4, is about half of 4;, as expected.
Forth, substitute values in Table 2 into the following
equation

. 1 1 1

sin(6;) <iz - }1> =3 (5)
to obtain the unknown period b. The calculated values of b
are also close to the measured one in grating mask (see
Fig. 3a with b = 6.15 pm). The error is about 0.5 pm
(about 8%), which is a little greater than the values cal-
culated with monochromatic method, as in Table 1. Note
that only two spikes are taken in the diffracted spectrum
because of the limited range for the overlap of light source
bandwidth and the spectrometer detection bandwidth
(about 460-1050 nm).

4 Discussion and conclusion

In this work the near-field lattice spectroscopy is verified
by experiments. The theory is introduced and interpreted
by the grating equation. Both the monochromatic and
polychromatic light beam are used to test the validity of the
theory. A specific grating made by laser pattern generation
and the wide-band supercontinuum laser are used to per-
form the experiment. The diffracted spectrum (450-
2500 nm) is measured by an optical fiber spectrometer
which can only respond part of the light source spectrum
(400-1050 nm). Consequently, only two spikes can be
obtained in the diffracted spectrum, as seem in Fig. 7. If
more spikes can be detected and the absolute intensities are
obtained, the parameter a (the transparent width as in

Fig. 7 Spectra at different x;
values. a 2.50 cm, b 2.54 cm, 4000 4000
¢ 259 cm, d2.63 cm .
E E
= 3000 3 3000
£ 938 S
< = 475
£ 2000 £ 2000 949
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Fig. 1a) can be inferred, as denoted in Fig. 2. The param-
eter d (the beam size transmitting the grating) can also be
inferred as follows. From Fig. 2 we know that the spectral
width of the spike with peak wavelength 1 is
1/d = Af, ~ Ax3/7%f. ~ (A)/)?) tan O,which  can  be
derived by differentiating f, = x3/Af. with A. Taking the
Fig. 7c as the example, the spectral width is about 2 nm for
480.82 nm spike and 0 =9.09° the calculated d =
)2 /AZ-tan 0 is about 0.8 mm, which is acceptable, com-
pared with the real beam size 1.2 mm. In this experiment,
several factors could contribute the errors, including the
resolution of the spectrometer, the uncertainties of posi-
tions or angles. The aperture size of the fiber head should
be considered, because, in principle, the opening of the
head should be infinitely small to receive the spectral
component at position P. Finite size opening will catch
more spectral components, leading to wider bandwidth;
thus the error in deciding parameter d using bandwidth is
bigger. However, finite aperture would not affect much in
deciding peak wavelength and that is probably the reason
why the error is not that large in finding parameter b. Also
note that this near-field lattice spectroscopy is for poly-
chromatic light, under the condition that the incident light
is fully spatially coherent and completely position inde-
pendent in the structure region causing the diffraction.
Thus there should be enough grating’s periods in this
polychromatic coherent region to obtain the spikes in
Fig. 2. Since the coherent and uniform region is in the
order of millimeter, if we require at least 10 periods
existing in this region, the biggest period of the grating is in
the order of 100 um.

It is believed that this near-field lattice spectroscopy
technique is of value in determining the period of periodic
structures, such as a grating. Compared with the traditional
method recording the monochromatic diffraction pattern,
the advantages on space and speed are obvious. It is
believed that this new method will find many applications
in metrology and spectroscopy.
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