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Abstract: An IR spectrometer based on a Binary Zone Plate (BZP) is presented for dissolved gas
analysis. The wavelength selective focal length of the BZP can effectively discriminate between
wavelengths ranging from 800 nm to 8 um, by adjusting the focus distance onto an aperture in the
image plane from 19 mm to 200 mm. The aperture serves to pass focused radiation onto the detector.
The BZP has a focal length of 50 mm for a design wavelength of 3 um, with 400 zones. This design
enables discrimination between all key fault gases present in oil impregnated high voltage
equipment.
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1. Introduction

Conductors in high voltage apparatus in the power industry are often insulated electrically and
thermally from one another to prevent dangerous faults from occurring. Such faults can often be the
cause of significant economic losses for the power industry [1]. One preventative measure for
stopping these faults before they occur is to regularly assess the health of the insulation of the
equipment. Mineral oil is often used as the insulating medium for high voltage equipment such as
transformers and bushings [2]. Oil assessment can be performed by measuring the concentrations of
dissolved gases. This process is known as dissolved gas analysis (DGA) [3]. There exist chemical and
optical methods for performing DGA [3]. Optical methods are based on measuring the infrared (IR)
radiation absorbed as a function of wavelength, and is more generally known as infrared
spectroscopy. Fourier Transform Infrared Spectroscopy (FTIR) and Photoacoustic Spectroscopy (PAS)
are two such spectroscopic methods. FTIR is a very precise way of performing IR spectroscopy but
has shortcomings related to cost and complexity. PAS is a proven method for performing DGA in the
field but requires multiple passband windows for spectral filtering which take up a lot of physical
space. In this paper, a unique optical method for performing DGA is presented. It is a spectrometer
based on a focal length dependent binary zone plate (BZP) for IR spectral discrimination. BZP lenses
are commonly used in applications related to X-ray microscopy and X-ray tomography [4,5].
However, they have also been used in applications designed for the IR spectrum. In [6], BZP lenses
were applied to the food processing industry for detecting ethylene, ammonia, and ethanol. The main
purpose of the BZP is to utilize technology that is cheap, simple, and sufficient for performing DGA.

2. Gas Absorption

The standards used in DGA, namely IEEE C57.104-2008 and IEC 60599, calculate the
concentrations of six key gases in order to predict possible faults in high voltage equipment [7]. These
six key gases are acetylene, methane, ethane, ethylene, carbon monoxide, and carbon dioxide [3]. To
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determine the concentrations of each gas, the energy absorbed as a function of wavelength is
calculated using the Beer-Lambert Law. This requires knowledge of the absorption coefficients of
each gas, which are a function of wavelength. This information is provided by the high resolution
transmission molecular absorption database (HITRAN), and is shown in Figure 1 [8]. It is clear from
Figure 1 that in order to measure these gases, a spectral filter for each wavelength corresponding to
the main IR absorption bands of each gas is needed.
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Figure 1. DGA key gas absorption coefficients as a function of wavelength [8].

3. Spectrometer Design

The block diagram for the proposed IR spectrometer is shown in Figure 2. Radiation from an
infrared emitter is absorbed by key gases in a chamber, followed by spectral filtering using a BZP
lens. Finally, an aperture and IR detector are used to measure the absorbed energy. The BZP lens can
move linearly along the along optical axis, whose focal point fis wavelength dependent. As a result
of moving the lens linearly, it is possible to selectively focus on all wavelengths of interest
corresponding to the absorption profiles of the key gases. A chopper and lock-in amplifier are used
to improve the sensitivity of the radiation detector after the exit aperture, as shown in Figure 2.
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Figure 2. Block diagram of BZP-based spectrometer.
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4. Lens Design

The MEMS BZP consists of a series of concentric rings whose far field diffraction profile
corresponds to a design wavelength some foci away. It is manufactured using standard MEMS
fabrication techniques on a 100 mm double sided polished silicon wafer. A 200 nm aluminum film
was sputtered onto the wafer and etched into opaque rings to produce the appropriate diffraction
patterns. The lens parameters were first simulated in MATLAB to determine all geometric properties
such that its design requirements would be met. Some of these zones are shown in Figure 3a with the
inner opaque circle having a radius of 485 um. The lens was then fabricated in a cleanroom and whose
geometrical features were within 5% of the simulation when measured with the Alpha-step profiler.
Figure 3b shows these features when viewed under a microscope. The lens design consists of a
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number of factors to consider; including the number of zones, the design focal length for a particular
wavelength, and the exit slit aperture diameter. The lens is designed to achieve constructive
interference for a wavelength of 3 um at a focal length of 50 mm. To achieve the sufficient spectral
resolution needed to discriminate between gases, the lens employs 400 zones of concentric
aluminum rings.
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Figure 3. (a) MATLAB Simulation of first few BZP zones. (b) BZP viewed under microscope.

5. Lens Performance

The ability of the lens to focus effectively on all key gas spectral bands individually was
simulated in MATLAB. To determine how well the lens discriminates between individual spectral
bands as a function of focal length, a new variable termed the Aperture Restricted Effective Spectral
Radiosity (ARESR) is introduced. The ARESR is defined as the ratio of the incident radiation passing
through the aperture to the total radiation at the aperture plane. As the focal length of the lens was
adjusted from 2 mm-200 mm, the ARESR at every wavelength is plotted from 10 nm-800 nm in

Figure 4.
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Figure 4. Lens ARESR plotted as function of wavelength.

It is apparent from Figures 1-4 that the simulated BZP lens can focus in all wavelengths where
the key gases absorb IR radiation. With regards to the ability of the lens to discriminate between
individual key gases as a function of focal length, the normalized relative absorption of each gas with
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respect to all other gases was also simulated (see Figure 5). This was calculated by multiplying the
ARESR data of Figure 4 with the absorption data of Figure 1 and normalizing it to 1.
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Figure 5. Relative absorption, (, of each key gas as function of focal length.

Figure 5 demonstrates how well the absorption of each key gas can be discriminated from all
other key gases. By adjusting the focal length from 33 mm to 51 mm, it is possible to focus the lens on
every individual key gas absorption band, thereby proving its function as an effective swept
wavelength filter used for DGA.
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