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Virtually imaged phased array (VIPA) has the advantages of insensitive to polarization, simple structure and high in
spectral resolution. Compared with commonly used dispersive devices, such as diffraction gratings or Fabry-Pérot (FP)
interferometers, VIPA is self-aligned and has high transmission efficiency. In this paper, the dispersion mechanism of
the VIPA is introduced in detail, the influence of incident angle and VIPA thickness on the dispersion performance
near 532 nm is calculated and analyzed with MATLAB. According to the calculated results, the selected VIPA device
has a thickness of 6 mm and an incident angle of 4°. The spectral dispersion system, in combination with corresponding
optical devices, is designed and simulated with ZEMAX, then the experimental system was built. The spectral disper-
sion system based on VIPA, at a central wavelength of 532 nm, has the free spectral range of 15.08 GHz and the spec-
tral resolution of 0.87 GHz. The system designed in this paper can be applied to high-resolution spectral detection such
as Brillouin scattering, Raman scattering, laser fluorescence, laser-induced plasma and so on.
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In the classical spectral system, the diffraction grating
and Fabry-Pérot (FP) interferometer are often used as
dispersion devices!'?. In 1996, Shirasaki M"! proposed
the virtually imaged phased array (VIPA), which has
the advantages of polarization insensitivity, simple
structure, and high in spectral resolution. Compared
with the diffraction grating which requires high preci-
sion engraving, virtual light sources are "self-aligned"
in VIPA, and the quality of the interference pattern de-
pends only on the fineness of the VIPA. Compared with
the FP interferometer, the incident surface of VIPA is
nearly 100% reflective coating. The limited size and
finite angular spread of the beam allow most of the in-
cident light energy to be transmitted to the detector,
thus the optical efficiency of VIPA is about 60%*. At
present, VIPA is mainly used in optical communication,
pulse compression, middle infrared gas measurement,
femtosecond pulse shaping, and so on>"'!],

In the past, the research on VIPA mainly analyzed its
characteristics in the infrared band around 1 550 nm,
and applied it to the fields of wavelength division mul-
tiplexing and dispersion compensation. This paper is
aimed at its characteristics at around 532 nm. The sys-
tem designed in this paper will be wused in
high-resolution spectral detection such as Brillouin
scattering and Raman scattering. In this paper, the dis-

persion mechanism of VIPA is introduced in detail, and
the influence of the incident angle and VIPA thickness
on the dispersion performance near 532 nm is calcu-
lated and analyzed with MATLAB software. According
to the analysis results, the specific VIPA and corre-
sponding optics were selected to build a VIPA-based
spectral dispersion system. Then the ZEMAX software
was used to simulate the dispersion characteristics of
the system and the experimental measurements were
carried out.

The dispersion mechanism of VIPA is similar to that
of FP interferometer. As shown in Fig.1, VIPA can be
regarded as a glass plate, which the incident surface is a
total reflection coating, and the exit surface is a
high-reflection coating of about 95%. The incident par-
allel light passes through the cylindrical lens to form a
line beam, and converges on the exit surface of the
VIPA. A part of the incident light beam is transmitted
from the exit surface, and most of the light is reflected
inside the plate, and a part of the light is emitted from
the exit surface each time it is internally reflected, and
the process is repeated continuously. Multiple reflec-
tions of the incident beam within the plate can be seen
as forming a series of virtual light sources, each having
a fixed phase difference, and is therefore called as a
virtually imaged phased array!'>'*!.
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Fig.1 The schematic diagram of VIPA

Assuming that the Gaussian beam is incident, the in-
tensity envelope of the beam should be a function of ex-

ponential descent for the nth virtual source!'*'"):
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where R is the reflectivity of VIPA incident surface, r is
the reflectivity of VIPA exit surface, y is the distance
between the point on the imaging surface and the center
point, 4 is the central wavelength, f; is the focal length of
cylindrical lens that used to compress the beam before it
enters the VIPA, and W is the spot size of incident beam
before the cylindrical lens.

Using Fresnel diffraction analysis, the intensity distri-
bution can be obtained as
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where f'is the focal length of spherical lens after the beam
exits, k is the wave vector, and 7 is the thickness of VIPA.
Suppose that there are an infinite number of virtual light
sources, the intensity distribution can be written as
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where 6; is the incident angle at which the beam is inci-
dent on the VIPA. Thus the light intensity can be ob-
tained as:
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Ideally, the angular dispersion factor of a VIPA-based
spectral dispersion system can be expressed as!'®
deé 1
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The spectral resolution (FWHM) can be expressed as''*!
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The interference phase matching equation can be
written as:

2tsin(@)y tcos(6)y’
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Therefore, the free spectral range (FSR) can be ex-
pressed as'"*!:
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It can be seen from Eq.(5) that the angular dispersion
factor of VIPA is inversely proportional to the angle of
incidence. For an incident angle of 4°, the VIPA angular
dispersion factor of fused silica is approximately 21.4,
while the angular dispersion factor of the same size dif-
fraction grating is 7.5. The smaller the angle of incidence,
the larger the obtained angular dispersion, but the angle
of incidence should have a minimum value, below which
the incident beam will be obscured by the high reflection
window. Therefore, in the overall design process of the
dispersion system, the incident angle and VIPA thickness
should be carefully analyzed to obtain the most suitable
spectral resolution.

It can be seen from Eqgs.(5)—(8) that in the parameters
of the spectral dispersion system based on VIPA, R and r
can be basically determined by the coating process, and
the main factors affecting the dispersion characteristics
of VIPA are the incident angle 6; and the thickness t.
According to the parameters of Tab.1, the influence of
incident angle and VIPA thickness on spectral resolution
is simulated by MATLAB software at a central wave-
length of 532nm, and the simulation result is shown in
Fig.2.

It can be seen from Fig.2 that the spectral resolution is
increased by about 0.007 pm (7.4 MHz) when the inci-
dent angle is increased from 2° to 10°, and the spectral
resolution is reduced by about 1.36 pm (1440 MHz)
when the thickness is increased from 1 mm to 7 mm.
With the increase of VIPA thickness, the loss of beam in
VIPA will increase, and the number of light spots will
also increase, which will affect the interference results.
Therefore, in order to obtain a certain dispersion effect,
the incident angle and thickness of the VIPA should be
integrated. In the dispersion system designed in this pa-
per, the incident angle is chosen to be 4° and the thick-
ness of VIPA is 6 mm.

According to the parameters in Tab.1 and Eq.(4), the
intensity distribution of spectral dispersion system based
on VIPA can be obtained as shown in Fig.3. It can be
seen from Fig.3 that the light field is distributed periodi-
cally, and for the same wavelength, different bright spots
represent different diffraction order!'”. Calculated by
Eq.(8), the FSR of the whole dispersion system is about
15.08 GHz, the spectral resolution (FWHM) is about
0.87 GHz, the distance between adjacent diffraction or-
ders is about 0.4 mm, and the fineness is about 17.4. It
can be seen that the characteristics of the dispersion sys-
tem we designed in this paper are higher than those of
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the general optical dispersion devices'*”.

Tab.1 Parameters of simulation system

Parameters Value
Spot size of incident beam W (mm) 5
Focal length of cylindrical lens f. (mm) 500
Focal length of spherical lens /' (mm) 500
Reflectivity of VIPA incident surface R 100%
Reflectivity of VIPA exit surface r 95%

Center wavelength of incident beam 4o (nm) 532
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Fig.2 (a) Relationship between incident angle and
spectral resolution and (b) Relationship between VIPA
thickness and spectral resolution
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Fig.3 Intensity distribution of high resolution spectral

dispersion system based on VIPA

ZEMAX software has powerful optical design and
simulation analysis function, which can trace the light
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through sequence and non-sequence modes to optimize
the designed system.

Combined with the parameters in Tab.1, the system is
simulated and analyzed by ZEMAX software. The sys-
tem model is shown in Fig.4. The simulation model uses
a Gaussian light source as the input source(4p=532 nm),
which is collimated and expanded into a parallel light by
a combination of lenses (first: 5 mm, second: 50 mm),
and then becomes a line beam through a cylindrical
lens(f;=500 mm), and is focused and coupled to reach the
exit window of the VIPA. Set the interval between the
cylindrical lens and VIPA as a variable to optimize the
spot size in the y direction. Using the ZEMAX nesting
mode, the reflectivity of the front and back surfaces of
the VIPA is set to 99.9% and 95%, the incident angle is
4°, and the thickness is 6mm. The line beam is repeat-
edly reflected and transmitted between the front and back
surfaces of the VIPA. The transmitted light interferes
with each other after passing through the spherical lens
(=500 mm), and finally reaches the detector for imaging.
As shown in Fig.5, the distance between adjacent dif-
fraction orders is about 0.42 mm.

Incident beam<(t/ ' -‘ 4——\!&

Cylindrical lens

’ Spherical lens
Expanding lens

Detector

Fig.4 ZEMAX simulation model of high resolution
spectral dispersion system based on VIPA
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Fig.5 ZEMAX simulation imaging results of high
resolution spectral dispersion system based on VIPA

According to the above principles, and exactly the
same parameters as used in the simulation system. The
spectral dispersion system based on VIPA is built and
verified by experiments. The structure of the experimen-
tal system is shown in Fig.6. The laser model is Melles
Griot 05-LGR-025, the central wavelength of the inci-
dent light is 532 nm, the incident angle is 4°, the thick-
ness of VIPA is 6 mm, the detector model is ICX285AL,
and its pixel size is 6.45 umx6.45 pm.

The experimental results are shown in Fig.7. The dis-
tance between adjacent diffraction orders is about
0.42 mm. It can be seen that the spectral dispersion system
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based on VIPA is high in spectral resolution. Within the
allowable range of error, the experimental results are
basically consistent with the simulation results, thus
verifying the accuracy of simulation analysis, device
selection and system experiments.
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Fig.6 Experimental structure diagram of high resolu-
tion spectral dispersion system based on VIPA
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Fig.7 Experimental result of high resolution spectral
dispersion system based on VIPA

In summary, we analysis the dispersion mechanism of
the VIPA in detail, and the influence of incident angle
and VIPA thickness on the dispersion performance near
532 nm is calculated and analyzed with MATLAB soft-
ware. The simulation results of ZEMAX model are es-
tablished with the corresponding optics, and the spectral
dispersion system based on VIPA is built in the labora-
tory. Within the allowable range of error, the experimen-
tal results are basically consistent with the simulation
results, thus verifying the accuracy of the experiment.
The VIPA-based spectral dispersion system designed in
this paper has the free spectral range of about 15.08 GHz
and the resolution of about 0.87 GHz. It can be seen that
this dispersion system we designed is high in resolution
and has broad application prospects in the fields of spec-
tral imaging and processing. It can be applied to
high-resolution spectral detection such as laser Brillouin
scattering, Raman scattering, laser fluorescence, la-
ser-induced plasma and so on.
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