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Abstract: Detecting and monitoring gas species is an important part of remote sensing because
the state of the environment can be retrieved from the state of the gas species. This can be used to
track temperature and pressure structures in the atmosphere for weather predictions, or monitor
the air quality. Discriminating different species is easier at higher spectral resolution when the
spectral lines are clearly resolved. The need to do this at high spatial resolution and over large
fields of view leads to a trade-off between spectral and spatial resolution and spectral bandwidth.
We propose to use a highly multiplexed Bragg grating that can optically combine the relevant
information from the spectrum without the need to disperse the whole spectrum. This allows
us to circumvent the spatial and spectral trade-off and therefore substantially increase the field
of view compared to conventional hyperspectral imagers. A dynamic implementation based on
acousto-optical filters that can be adapted on the fly is discussed as an easy and flexible way to
create the multiplexed gratings. We describe the details of multiplexed Bragg gratings and show
that we can retrieve the spatial distribution of individual species abundances in gas mixtures, and
we show that we can even do this for the atmospheres of exoplanets orbiting far-away stars.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Hyperspectral imaging is a corner stone of modern remote sensing. An important application is
the monitoring of gases in the atmosphere, especially in urban areas where air pollution can be a
serious health problem [1]. Gas tracing is also done in industrial settings for the detection and
monitoring of hazardous emissions from large industrial facilities [2,3], finding leaks in large gas
pipes or the indoor formation of gases during production processes. Nowadays we also observe
the atmospheres of other planets, even planets around stars other than our own Sun. In all these
cases it is important to know where, when, which and how much gas is present. A sensor that is
built to remotely detect these gases will need to be able to spatially and spectrally resolve the
spectral absorption lines of these gases.

Gases have a specific spectral signature that is created by their atomic or molecular structure.
These signatures become more distinct from each other at higher spectral resolution. An example
can be seen in Fig. 1, where high-resolution transmission spectra of various molecules are
generated with HAPY [4], the python interface of HITRAN2012 [5]. In the selected wavelength
range methane shows a set of strong, distinct spectral lines that are quite different from the
signatures of CO, and water. The difference is even more extreme compared to O, which does
not have any features in this spectral range. By measuring the spectral information we can exploit
the differences in spectral signatures between gases to classify and monitor them from a distance.

The presence of a molecular species in a spectrum can be found by using a matched spectral
filter [6] that is tuned to the signature of the species of interest. A simple matched filter can be
made with a binary mask that is equal to one where a spectral line is present and zero otherwise.
Because most spectral lines of interest are absorption lines, the binary matched filter (BMF) will
have a low signal when all the lines are present, as there is less flux inside the absorption line. On
the other hand if the spectral lines are not present the signal will be high as there is no absorption.
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Fig. 1. The spectra of water, methane and carbon-dioxide are shown in the wavelength
range from 1.6 to 1.8 um. Each spectrum consists of many sharp spectral lines, but due to
the amount and close proximity of the spectral lines, these can merge and form an absorption
band, which can be seen as the shaded areas. The different molecules have distinct spectral
features at high spectral resolution.

For moving objects it is important to take the Doppler shift into account, which shifts the
position of spectral lines. If the Doppler shift is neglected, it could lead to a miss-classification
because the species is present but shifted. Small shifts can be accounted for by cross-correlating
the measured spectrum with the matched filter. This has been successfully used in astronomy
to look for very weak signatures of molecular species in the atmospheres of extra-solar planets
that are buried in the light of their host star [7-9]. For a clear detection of several gases it is
important to have high-spectral resolving power, but a high-resolution spectrum for every point
in the field-of-view is very costly in terms of detector real estate. Therefore most conventional
hyperspectral imagers need to compromise between spatial and spectral resolving power.

An alternative way of measuring gases is by using a gas-filter correlation sensor [3,8]. Here
the light passes through a gas-cell that is filled with the species of gas that needs to be detected. If
light of interest passes through a gascell containing methane, for example, the absorption features
of methane will be imprinted in the light. Suppose that the light already had the lines of methane
imprinted in it, because it passed through some clouds of methane in the Earth’s atmosphere, then
the total amount of light will not change much because all light that could have been absorbed by
the methane in the gas-cell is already gone. If the light did not have the imprints of methane, the
total intensity will decrease because light is lost due to the absorption by methane. Therefore if
we pass the light through two gas cells, one containing methane and one empty reference cell, the
ratio in intensity between the two will correlate with the presence of methane. This mimics the
behaviour of a binary matched spectral filter. The gas-cell correlation method allows for a large
field of view as the correlation signal can be recorded with only two pixels. A downside of the
gas-cell sensor is its ability to only measure species with vanishing relative Doppler shift. If the
input is Doppler-shifted, the absorption lines do not align anymore with the absorption lines of
the gas-cell sensor, and the differential measurement will no longer detect the species.

For some species it may to be possible to create a solution that is purely optical and does not
need gas cells. An example is the HIGS sensor that has been developed for NO, measurements
[10]. HIGS replaces the gas-cell correlation with an all-optical filter. HIGS uses an interferometer
that has periodic fringes to create a matched spectral filter, which matches the periodic spectral
lines of NO,. Another example are the OH-suppression fiber Bragg gratings [11]. These are
used to remove the atmospheric OH emission lines to decrease the amount of contamination they
have on the astronomical spectrum of interest. While these methods may decrease the number
of pixels, they lose precious information because the line shapes are sensitive to temperature,
pressure, velocity and molecular abundance variations. With careful monitoring of the spectral
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lines of interest it is possible to retrieve these parameters. But approaches like the gas-cell sensor
or the HIGS lose this information as they reduce the full spectrum to a single intensity difference
and therefore can only measure the abundance of the molecule.

In this work we present a dynamic, eletro-optical solution based on highly multiplexed
acousto-optical volume Bragg gratings (HMBG), which can do the same measurement as gas-cell
sensors but retain the spectral line shape information. The HMBG are also very flexible as it
is possible to electronically switch the spectral filter. In Section 2 we discuss the principles of
a Bragg grating and its multiplexing capabilities that are relevant for trace-gas measurements.
In section 3 we highlight the advantages of the HMBG. In section 4 we discuss the trade-offs
between different implementations of the HMBG. And in section 5 we showcase a few selected
examples where the HMBG will have a major advantage over current approaches.

2. Multiplexed Bragg gratings
2.1. Bragg grating basics

Volume Bragg Gratings (VBG) are transmission gratings where the grating is written inside a
piece of transparent material with as a periodic refractive index modulation. VBGs predominantly
exhibit first-order diffraction while conventional transmission gratings diffract into multiple
orders. These diffraction properties of Bragg gratings have been known since the 60’s when
Kogelnik proposed his coupled wave theory [12]. According to Kogelnik’s theory a VBG
optimally diffracts the wavelengths that satisfy the Bragg condition,

Ap = 2nA sin 0p. (1)

Ap is the Bragg wavelength, n the average refractive index of the material, A the pitch of the
modulation and 8p the angle of incidence. The Bragg wavelength is the wavelength that is
matched to the period of the grating according to Eq. 1. The Bragg condition is nothing more
than the blaze condition for conventional gratings. Wavelengths that deviate from the Bragg
condition will be diffracted according to the grating equation,

A =2nA(sin0; +sinfy). (2)

The geometry of the grating setup is similar to a normal grating spectrometer working in first
order and can be seen in Fig. 2. The VBGs should not be confused with Fiber Bragg Gratings
where the light travels along the modulation direction, which is the x-direction in Fig. 2.

The diffraction efficiency (DE) is the ratio between the amount of light that is diffracted into
the first order and the amount of incoming light. A DE of 1 means that all the light is diffracted
into the first order, while a DE of 0.5 means that half the light is diffracted and half the light
remains in the zeroth order. Currently it is possible to manufacture VBGs with DEs above 99
percent [13]. The refractive index modulation that is necessary to obtain a 100 percent DE is

[14],
_ Agcos O

o A3)
Here on is the amplitude of the refractive index modulation and ¢ is the thickness of the
grating. The differential optical-path delay that is accrued while travelling through the grating
is 6OPD = 6nt/cos 0p. If Eq. 3 is used to substitute 6n we arrive at SOPD = A/2. For optimal
diffraction efficiency the 6OPD has to be half a wave. When the §OPD differs from half-wave
the DE lowers, which can happen either due to a wrong angle of incidence or a wavelength
that deviates from the Bragg wavelength. If the thickness of the grating is increased it becomes
easier to violate the phase matching conditions, and therefore a smaller wavelength range will be
diffracted. This reduces the effective spectral bandwidth of the grating. The diffraction efficiency
curves for different thicknesses are shown in Fig. 3, which shows that thicker gratings have a

on
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Fig. 2. The geometry of the Volume Bragg Grating setup where a collimated beam enters
the grating from the left. The grating with a line spacing of A is modulated along the x
direction. The incidence and diffracted angle are defined as 6; and 6, respectively. The
incident beam propagates from the left to the right through the grating. The thickness 7 is
the width of the grating along the z-direction while the transverse size is the size along the
x-direction.

sharper responses. We define the spectral bandwidth of the VBG as the half width at the first
zero (HWFZ) [14],

Al V3 A cosbp

Ap 4 tsin?0p
Here A1 is the HWFZ of the diffracted spectrum. The current range of volume phase gratings
make it possible to have a spectral bandwidth below 0.1 nm to more than 100 nm [14]. This
spectral bandwidth should not be confused with the spectral resolving power of the grating. The
spectral bandwidth is the spectral range that is diffracted, while the resolving power of a VBG
follows the same equation as a normal grating and therefore depends on the number of lines
N that are illuminated and the order of diffraction m. Hence the transverse size of the grating
determines the resolving power, while the thickness determines the diffracted wavelength range.

(4)

2.2. Multiplexed Bragg gratings

It is possible to write multiple VBGs inside a single piece of glass where each one addresses a
different Bragg wavelength allowing multiple spectral lines to be diffracted at once. By writing
multiple VBGs the refractive index modulation is not a simple cosine or sine any more but a
coherent superposition of many cosines. The multiplexed refractive index amplitude is,

N
on(x) = Z on; cos (2mx/ A,). )

Here dn(x) is the total refractive index modulation, ér; is the amplitude for each individual
grating and A; is the pitch of each grating. We propose to use a Highly Multiplexed Bragg
Grating (HMBG) that multiplexes tens to hundreds of gratings, each grating addresses a spectral
line of interest. Each spectral line will be chosen as the Bragg wavelength of its grating, and we
adjust the pitch according to Eq. (1) in such a way that the diffracted output angle is the same.
A lens can then re-image all the different beams onto a detector. Because all spectral lines are
diffracted into the same output direction, they will end up at the same position on the detector.
This optically combines all spectral lines. An example of the output of a HMBG can be seen in
Fig. 4. Because all lines are optically combined we do not need to sample the full spectrum but
only the footprint of a single spectral line.



Research Article Vol. 27, No. 23/11 November 2019/ Optics Express 33929

Optics EXPRESS

1.0

e o o
BN (o)} oo
1 1 1

Diffraction efficiency

©
N
1

-0.04 -0.02 0.00 0.02 0.04
(A =Ag)Ag

Fig. 3. The diffraction efficiencies as function of the relative deviation from the Bragg
wavelength; each color represents a different grating thickness. The shaded region below the
curves highlight the area that is spanned by the spectral bandwidth as defined by the Full
Width at First Zero (FWFZ). To first order the diffraction efficiencies follow a sinc? profile.
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Fig. 4. Two example signals from the HMBG for 5 randomly chosen lines from a stellar
spectrum. The individual responses for each grating are shown by the coloured spectra. For
readability each spectrum was offsetted in the vertical direction. The HMBG creates a slice
around each spectral line of interest onto the detector. The actual detected response is the
integrated signal shown in black. The envelop of the signal is the diffraction efficiency curve,
and if the species of interest is present we can see the average line profile at the objects
Doppler shift. Depending on the velocity of the target the average line profile will coherently
shift and remains detectable as can be seen in the figure on the right where the object has a
Doppler shift of 100 km/s. All spectral features other than the spectral lines of interest are
washed out due to the incoherent sum of different slices.
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If we now assume that the spectral bandwidth of the grating is broader than the spectral lines
of interest, then the spectrum of the object will be diffracted by the VBG such that a narrow slice
around the line of interest will be isolated. The multiplexed grating will then create an incoherent
sum of the individual slices, where the center of the summed spectra will show the average line
profile. When many lines are multiplexed it becomes problematic to describe the dispersion axis
with a wavelength coordinate as there are many wavelengths superimposed on the same pixel.
The output angle of the relative change of wavelength can be found with the grating equation,

64  1sin(6p + AO) —sinbp

6
Ap 2 sin 6p ©)

With 64 the deviation from the Bragg wavelength. From this relation we can see that each output
angle corresponds to the same amount of relative wavelength shift irrespective of the chosen Ap.
Under the assumption that the spectral lines of interest are chosen as the Ap for their respective
grating, they will all propagate in the same direction. We can relate the relative change of the
wavelength to the relative radial velocity of the object of interest. Substituting the formula the for
classical Doppler shifts we obtain,

ov _ 1sin (6 + AB) — sin Op

1
c 2 sin 6g

= (M
The output angle is independent of any of the grating periods and only depends on the velocity
shift %. The HMBG maps the quasi-matched filter response of a species at a certain radial
velocity to an output angle independent of the chosen grating period; it is therefore natural to use
velocity coordinates.

The velocity shift that can be resolved depends on the spectral resolving power of the grating,
év = ¢/R. The velocity bandwidth is set by the spectral bandwidth, which in turn is set by the
thickness of the grating. A thicker grating will have a narrower velocity bandwidth, which can be
derived from Eq. (6),

Av V3 A cos O

c 4 tsin6p

®)

Here Av is the velocity bandwidth. These two parameters need to be taken into account during
the design of a HMBG. The design of a HMBG starts with the choice of a velocity bandwidth,
because this determines the minimum spacing between spectral lines that can be multiplexed
together. Then the spectral lines can be chosen and the grating period can be calculated from
Eq. 1.

2.3. Simulating diffraction efficiencies

To design an efficient instrument the grating diffraction efficiency should not decrease with the
number of lines that are multiplexed, otherwise there would be no point in trying to add more
lines. Multiplexed Bragg gratings are usually calculated with Rigorous Coupled Wave Theory
[15]. This is an extension of the simple coupled-wave theory of Kogelnik. The downside to
RCWT-like codes is that they couple all the modes that are present in the system. The gratings
will couple with each other, and if we want to know the diffraction efficiencies of M diffraction
orders on N multiplexed spectra, we need to include MY modes. For M = 2, which includes the
Oth and 1st order, and N = 100 this already leads to an unmanageable computing time.

The RCWT only needs to be used if the spectral lines are close to each other. As said before if
the lines are separated enough, the response can be calculated as an incoherent superposition of
the individual responses. To check this we wrote a symmetric split-step Fourier beam propagation
code (BPM) [16]. This code can propagate an electric field through arbitrary refractive index
profiles. The speed of the code only depends on the spatial sampling of the grating, and therefore
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it is independent of the amount of multiplexed gratings as opposed to RCWT-like codes. The
BPM code has been validated on several test cases including free-space propagation, waveguide
propagation and diffraction from a single Volume Bragg Grating. In all cases the power was
conserved to better than 0.1 %, and the single VBG simulation showed a diffraction efficiency
curve that followed the curve as derived by Kogelnik.

As an initial test case, we created N randomly positioned spectral lines between 0.5 um to
1.0 ym. The lines are separated by at least three times the FWHM of the spectral bandwidth
[17]. This directly gives the spectral bandwidth necessary for the uncoupled regime. The peak
diffraction efficiency of each grating is then calculated by propagating its Bragg wavelength. The
average diffraction efficiency of the grating converges to 100 percent for all number of lines that
we tried. The grating that multiplexes a 100 lines converges to 97 percent, which is slightly lower
than 100 percent because of numerical inaccuracies. The BPM code includes all possible types
of crosstalk between the gratings, and we see no major cross talk, which we expected based on
[17]. This result encouraged us to use a simpler model where the response is just a superposition
of the individual responses.

3. Advantages of multiplexed Bragg gratings

Our method has several advantages over recording the full spectrum. The most important one is
that it can reduce the amount of pixels per spatial pixel (spaxel) considerably because we do not
need to record the complete spectrum. This substantially decreases the required number of pixels
per spatial pixel and makes it possible to increase the field of view compared to a conventional
spectrograph for a fixed detector size. The downside to this method is that we lose the full spectral
information. The number of pixels required per spaxel depends on the velocity bandwidth and
velocity resolution. The bandwidth is given by the maximum Doppler shift one wants to measure.
The velocity resolution is directly related to an equivalent spectrograph resolution,
c

V= — 9)
NsamplingR

Here ¢6v is the velocity sampling, and Ngampling is the number of pixels per spectral resolving
element and R is the resolving power defined as R = 1/5 4. The amount of pixels that is necessary
to sample the full velocity bandwidth on a detector is,

_Av Ay

Ny = 5 = ?NsamplingR- (10)
To know the reduction in detector space we need to compare this to a traditional spectrograph. A
spectrograph must have a bandwidth AA that is large enough to contain all the spectral lines. The

wavelength sampling should be,

A
ol= ———. (11)
N, samplingR
The amount of pixels this will require is
Al Ad
Ny = a = TNsamplingR~ (12)
The reduction in detector space is then
N, P c A1
Nopin = —2 = — 13
gain N, Av 1 ( )

Interestingly the detector space reduction is independent of the resolving power and purely
depends on the bandwidths that are required. Following this equation we estimate the amount of
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detector space that can be gained for Earth observations. Earth observations are usually done

from Low-Earth Orbit (LEO) satellites that have velocities of roughly 10 km/s. We should

therefore select a velocity range that can easily accommodate this speed, which we chose at

Av = + 50 km/s. To contain the most interesting lines we would like spectral coverage from 1um

to 3.5 um. For this spectral range and velocity bandwidth we estimate that the detector area

reduction is between 2500 and 18000, depending on which wavelength is Nyquist sampled.
The signal-to-noise(SNR) ratio of the HMBG signal is, to first order,

SNR = ﬂ (14)

2
Fo + o, D
Here F) is the average photon flux ratio between the continuum and the selected spectral lines, N
the number of spectral lines that are multiplexed, R the spectral resolving power and op the read
and dark noise. Comparing this to the SNR ratio of normal spectroscopy,

FoVNR

,[FO + O'I%N

we see that the effects of read noise and dark noise are decreased by the number of spectral
lines that are multiplexed because the spectral lines are added together on the same pixel. For
faint signals the HMBG will achieve higher SNR compared to normal spectroscopy because
the HMBG spreads the light over fewer pixels. A disadvantage of the HMBG is that it cannot
multiplex all spectral lines, as some will be too close together. Therefore the HMBG cannot
use all available spectral lines, and the SNR of the HMBG compared to normal spectroscopy
will be lower in the photon-noise limited regime. To estimate the SNR decrease we used the
spectra of Fig. 1 to estimate the number of lines and the average line depth for each species. We
again assumed a velocity bandwidth of Av = + 50 km/s, and found that we are able to multiplex
on average 75 spectral lines per species from 1.6 yum to 1.8 ym. Not all spectral lines are of
the same importance as their depth, and therefore their contribution to the SNR budget, varies.
The ratios of the SNR of the HMBG compared to the SNR of normal spectroscopy for the three
species are, 0.5 for CO,, 0.77 for H,O and 0.77 for CH4. The HMBG will be at most a factor of
2 less sensitive in the photon-noise limited regime for the considered case.

Another advantage of the multiplexed grating over gas-cell correlations is that it is also allows
for correlation measurements for species that are difficult to contain in a gas cell. Therefore the
HMBG can achieve the same kind of sensitivity as the gas-cell correlators but for a wider range of
objects. The second advantage compared to the gas-cell sensor is that the HMBG measurements
retain spectral line information.

SNR = (15)

4. Multiplexed Bragg grating implementation
4.1. Static system

There are several ways to implement multiplexed gratings. The simplest solution is to physically
put several transmission gratings in series [18]. The disadvantage of stacking gratings is that it
quickly becomes a very thick optical element as the number of multiplexed lines increase. For a
few tens of lines the thickness can quickly reach several tens of centimeters, which will require a
substantial over-sizing of the grating to avoid issues with vignetting. The different gratings will
also diffract the light at different planes as the gratings are physically stacked after each other.
This will put very stringent requirements on the imaging lens, if at all possible, to make sure that
all the chosen spectral lines will still fall on the same location on the detector. Therefore, if a
multiplexed grating with many lines is required, it will be necessary to write the gratings in a



Research Article Vol. 27, No. 23/11 November 2019/ Optics Express 33933 |
Optics EXPRESS b Ny \

single piece of glass. There are several manufacturing techniques that can write complicated
refractive-index profiles. For Volume Bragg Gratings the most common technique is holography.

In holographic writing two beams are tilted with respect to each other, which creates a
sinusoidal interference pattern. The angle between the beams can be adjusted to create the correct
line spacing. With holography the different gratings will be written sequentially. This creates an
incoherent addition of the gratings in the material, leading to a refractive index profile given by,

al 1 + cos 2nx/ A;)
on(x) = Z on; > . (16)
Due to the incoherent addition the refractive index modulation grows linearly with the number
of spectral lines, quickly saturating the writing material [19,20]. This can be circumvented by
coherently writing the gratings that create a refractive index profile as determined by Eq. (5).
For a coherent multiplexed grating the refractive index modulation grows as the square root of
the number of gratings allowing for many more gratings to be written in the material. Recent
literature on the dynamic range of holographic materials shows that the maximum refractive
index modulation can be as high as 0.03 [21]. A grating with a thickness of 1000 waves at a
25 degree incidence angle requires an index modulation of 0.00045 according to Eq. (3). The
number of lines that can be written before the material saturates is about 60 for incoherent writing
while coherent writing could reach roughly 4000 lines. This demonstrates the clear advantage of
the coherent approach over the incoherent approach, but it requires a different manufacturing
strategy.

Direct write methods where the refractive index is modified point-by-point can write coherent
multiplexed gratings. An example of a highly multiplexed grating is the OH suppression filter
written inside single-mode fibers [11,22]. This filter is able to multiplex tens to hundreds of
gratings for the suppression of the atmospheric OH lines. Direct write techniques are now also
being used to write 2D gratings that can achieve diffraction efficiencies higher than 90% [23-25].

4.2. Dynamic system

The down-side of writing a multiplexed grating into glass is that the grating cannot be changed
afterwards. The resulting HMBG can only measure the signal of a single species. This leads to a
cumbersome system for situations where multiple species need to be measured. An active system
where the spectral template can be changed on the fly would address this issues; it can be achieved
with acousto-optical (AO) gratings. In acousto-optical materials the local refractive index can be
changed by passing sound waves through the transparent material. High-quality acousto-optical
materials have been on the rise in the past decades and have become quite common in recent
years. Low-resolution versions of the proposed idea have been in use as acousto-optical tunable
filters. In AOTFs the sound waves are tuned to the central wavelength to create bandpass filters
that are digitally tunable. There are versions which can have multiple bandpasses at the same
time. Another advantage of the AOTFs is the use of multiple transducers to create the sound
waves. If the transducers are used as a phased array one can create an arbitrary 3D refractive
index profile [26]. This can be used to apodize the sidelobes of the diffraction efficiency curve for
a more uniform efficiency over the spectral bandwidth because for normal VBGs the efficiency
drops off as the spectral lines of interest are more Doppler shifted.

4.3. Challenges when implementing as a hyper-spectral imager

An sketch of the proposed hyperspectral camera can be seen in Fig. 6. The main challenge for
the HMBG for large fields of view will be the acceptance angle of the grating itself. The output
angle of the grating shifts if the input angle is different from the Bragg angle. If the angular shift
is too large, the spectral line of interest can move beyond the spectral bandwidth and make it
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unobservable. This constraints the acceptance angle of the HMBG. The output angle can be
found with the grating equation,

A =nA(sin[0g + 0] + sin [0 + Oou]) - 17)

Here 6y, and 6, are the deviations from the Bragg angle. Expanding the input and output angles
around the Bragg angle and subtracting the Bragg wavelength leads to,

A—Ag = nAcosOp (O + Oout) . (18)

From this equation we can see that when we consider the Bragg wavelength (1 — Ag = 0), the
output angle will shift by the same amount as the input angle is shifted away from the Bragg
angle. The input acceptance angle is therefore the same as the output acceptance angle. We can
derive the maximum output angle from Eq. (7) using the velocity bandwidth. The acceptance
angle as a function of velocity bandwidth is shown in Fig. 5 for several different Bragg angles.
Here we can see that the angle of acceptance is smaller than one degree for most cases.

—95=5° _93=60°

100/ —— 65=10° 65=75°/
95=25° °

Angular tolerance (deg)

10! 102 103
Velocity bandwidth (km/s)

Fig. 5. The angular tolerance as a function of velocity bandwidth. The velocity bandwidth
is shown from 3 to 3000 km/s. The colored lines represent different Bragg angles. As the
Bragg angle increases, the acceptance angle increases.

Due to the small acceptance angle of the HMBG any deviation of the input angle from the
Bragg angle needs to be minimized. Therefore the HMBG can only accept slit-like inputs where
all light has the same angle of incidence on the grating. For two-dimensional field-of-views we
need to map the field into a slit, which can be done with either advanced image slicers [27] or
fiber bundles [28].
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Fig. 6. A sketch of the proposed setup. The two-dimensional input is remapped through a
fiber array into a pseudo-slit. The pseudo-slit feeds the spectrograph in a first-order grating
configuration.

5. Applications of the highly multiplexed Bragg grating
5.1.  Highly multiplexed Bragg Grating instrument model

The HMBG response is simulated with a simple model where all gratings are considered
independently. This assumption is valid as long as we make sure that all gratings are in the
uncoupled regime. For this model the intensity on a pixel for grating i with a fixed input angle
ein is7

1) = / S Q) 1, ) Hs (. 0, 01n) A, (19)

where 6 is the output angle of the grating, S is the input spectrum of the scene, 7; is the diffraction
efficiency of the grating and H; is the line spread function (LSF). The LSF is taken as a simple
sinc function with a full-width half maximum that is matched to the spectral resolving power
R. This shape of the LSF arises because of the assumption of an uniformly illuminated square
grating. The spectral dispersion of the LSF is calculated from the grating equation. For a
multiplexed grating we sum over all gratings i, which results in the detector signal,

1(6) = Z 1:(0). (20)

5.2. Abundance retrieval of molecular species

A key aspect of remotely sensing a gas is to measure the amount of gas that is present, which can
be achieved with the HMBG. Here we first show that for optically thin lines there exists a linear
relation between the amount of gas and the HMBG output. We start by considering a single,
plane-parallel layer of material for which the transmission can be written as,

T(A)=e ™™, (1)

Here T () is the transmission as a function of wavelength A, and 7 is the total optical depth at
wavelength A. From here on the explicit dependence of T and 7 on A will be left out. For a
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mixture of gases the optical depth can be described by,

T= Z T = Z n;o;. (22)

This sum is over all species i with a column density #; and absorption cross-section o;. The
optical depth of each individual species is the product of the wavelength-independent column
density and the absorption cross-section. In the optically thin regime 7 < 1 the transmission
becomes,
T=1-1+0(%)~ I—Zn,-(ri. (23)
l

For optically thin lines the transmission depends linearly on the column density. Our model
of the HMBG, according to Eq. (19), is a linear transformation from the input spectrum to the
multiplexed dispersed measurement. Therefore there should be a linear relation between the
HMBG output and the column density for optically thin lines.

This relation can be empirically calibrated by measuring the response of the HMBG to known
amounts of each species of interest. The individual measurements from templates are stacked
together in one vector S. These measurements are then fitted by the following linear model,

S = Aii + b. (24)

Here S is the stacked response, which contains the full line shape information, for all templates,
A is the transformation matrix and b is the offset. We test the accuracy of the retrieval with a
mixture of H,O, CHy and CO,. The HMBG template is made from the spectral lines shown in
Fig. 1. For each template we search for the strongest spectral lines in the wavelength range. Our
algorithm searches iteratively for the strongest spectral line and adds it to the line-list. Each time
a line is selected we check if the distance to any of the spectral lines in our line-list is smaller than
a threshold. If it is smaller we reject the new line and go to the next strongest line. The threshold
is set at three times the FWHM of the spectral bandwidth to make sure we are in the regime
where the gratings are uncoupled [17]. This is not necessarily the optimal way of choosing which
lines to multiplex for the different templates, but one that is relatively easy to implement.

We used column densities from 7 = 10'% — 105 cm~2 to determine the linear retrieval model
parameters since the simulations had shown that these densities were well within the optically thin
regime. Then we applied this model to retrieve densities from n = 10'? — 102! cm=2. The results
are shown in Fig. 7. The column density of each species is retrieved over the full range. Methane
shows a small deviation above 10'cm™2 where the selected spectral lines become optically thick.
The linear response can be extended over a larger range by selecting only spectral lines that are
optically thin for the column densities of interest, which is an advantage of dynamically selecting
the spectral template. This is not possible with gas-cell correlators because the gas-cell contains
all spectral lines including the lines that become optically thick. There is also cross-talk between
the species. The cross-talk of methane to the other species is the strongest, which was expected
as the cross-section of methane is the largest in this range. The cross-talk itself grows as the
square of the column density because of the linear approximation of Eq. (23). The cross-talk can
be decreased by carefully selecting the spectral lines that will not blend with the lines of other
species. This can be accomplished by orthogonalizing the cross-section spectra of the different
species with a Gram-Schmidt procedure [29]. The influence of cross-talk can also be reduced by
selecting a larger or different wavelength range that includes more distinct lines.

5.3. Molecule maps

To estimate the accuracy of the linear extraction for a mixture of gases we simulated a single
two-dimensional map with a variable mixture of HyO, CH4 and CO,. The spatial distributions
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Fig. 7. This figures shows the accuracy of the HMBG in combination with the linear
retrieval algorithm for estimating the column density for single species. The input column
density versus the retrieved column density is shown for CHy, H,O and CO,. While each
species has its own measurement template in the HMBG, there will still be cross-talk in due
to non-linearities that are not taken into account in the retrieval. The cross-talk lines show
the influence that the presence of the other species have on the retrieval. In the optically thin
regime the cross-talk is very small and grows as the square of the column density.

of the gases were randomly created with column densities ranging from 10'°%cm=2 to 10'8¢cm=2.

For every pixel we simulated the response to the different templates from the previous section
and applied the linear reconstructor to measure the column densities. The results can be seen
in Fig. 8. The method recovers the column densities with high accuracy and precision. The
average relative reconstruction error is much smaller than one percent. We can see that in the
regions with a higher density of CHy there is more cross-talk. This influences the reconstruction
of the other species. The non-linear cross-talk is stronger for CO, than for H,O, which was also
expected based on Fig. 7.

5.4. Exoplanet detection

Another application of the HMBG technique is in the field of astronomy for the detection and/or
characterization of exoplanet atmospheres. The main problem for exoplanet detection is the
contrast in intensity between the host star and the planet itself. The host star is usually brighter by
a factor of a million for the largest and hottest exoplanets to a billion for old and cold Earth-like
planets [30]. The standard method for detecting exoplanets is through very careful subtraction
of the Point-Spread Function (PSF) of the star [30,31]. If the incoming wavefront changes the
PSF of the star, then this subtraction scheme will not reach the ultimate sensitivity given by
photon noise. This can happen for example due to turbulence in the Earth’s atmosphere or slowly
varying instrumental wavefront errors [32].

High-resolution spectroscopy (R = 100000) has been proposed as a solution to find planets
because we can discern the difference between the star and the planet based on the difference
in their spectral lines [29,33]. The downside of the method is its need for a large amount of
pixels, and therefore it has a small discovery space. With the HMBG we can do exactly the
same measurement but with less pixels, which substantially increases the discovery space for
exoplanets. To show the potential of the HMBG we simulated a dataset of a star with a planet
around it. The simulation has been done with wavefront errors that vary in time to simulate
residual turbulence and varying instrumental effects. We used a PHOENIX model [34] with an
effective temperature of 6000 K to create a sun-like spectrum for the star. For the planet spectrum
we assumed that we only see reflected starlight and took the spectrum as a Doppler-shifted and
flux-scaled replica of the stellar spectrum with a contrast of 107%. To search for the planet
we created a HMBG template that stacked the 120 deepest lines of the stellar spectrum in the
wavelength range from 0.9um to 1.1um. The velocity bandwidth around each line is 100 km/s,
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Fig. 8. The retrieval of the column density is shown separately for CH4, H>O and CO5.
The top row shows the input column density and the middle row shows the retrieved column
density. The bottom row shows the relative error in the retrieval. The relative error for CHy
is much smaller than a percent. The other two species have larger relative errors with a
maximum relative error of 15 percent. The large deviations occur at the places with high
CHy column densities where the non-linearities that were not taken into account in the
retrieval become important.

and the resolving power is set to 3 km/s. We expect to see two absorption lines in the multiplexed
signal, one from the star at zero velocity and one at 25 km/s, which is the planet’s radial velocity.

The planet signal can be recovered from the HMBG data cube by subtracting the spatially
averaged HMBG measurement from every point in the field of view. The results of the
simulations can be seen in Fig. 9 where we compare the HMBG planet detection with a classical
PSF subtraction algorithm, namely Angular Differential Imaging (ADI) [31]. ADI creates a
references PSF by averaging the PSF in time while the field is rotating. Due to the field rotation
the apparent position of the planet will rotate and, if the planet rotates enough, it will not appear
in the time-averaged PSF. The limits of ADI will be mainly dictated by how fast the PSF changes
due to varying wavefront errors and how fast these will average out. In our simulations the ADI
technique is limited to a contrast of 3000 at an angular distance of 5 A/D for this dataset, while
the HMBG can still clearly detect the planet at a contrast of 10°. This simple simulation shows
that the HMBG measurements are robust to the speckle noise, while algorithms like ADI are not.
The HMBG can therefore image fainter objects at smaller angular separations where observations
are strongly speckle-noise limited.
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Fig. 9. The HMBG holds great promise for the detection and characterization of exoplanets.
The two figures show the greatly enhanced capabilities of the HMBG (left) vs the classical
approach currently used by astronomers (right). The planet is clearly visible with the
HMBG while the ADI processed data still show strong speckle noise. This demonstrates
that the HMBG is not limited by speckle noise, which is the major limiting factor for current
observations of exoplanets.

6. Conclusion

We have shown that Volume Bragg gratings with many multiplexed gratings can be used for
the quantitative detection of gas species with a significantly smaller detector than a comparable
hyperspectral imager. This allows for a larger field-of-view given the same amount of detector
real estate. We proposed to implement the HMBG with acousto-optical gratings that can be
dynamically tuned at high speed and work from the near UV to the infrared. The dynamical
aspect of the acousto-optical materials will allow us to use the same optics to detect different
species. This simplifies the whole instrument as we can digitally choose what we would like to
observe and thereby make the instrument highly flexible.

A major advantage of the HMBG over the traditional gas-cell correlation is that the HMBG
retains the line profile and information about the continuum. This enables us to estimate column
densities over a large range of densities and species mixtures. And we have also shown its use as
a method for detecting reflected light from exoplanets, but detailed end-to-end simulations will
be necessary to determine the exact performance gain of the HMBG compared to traditional
exoplanet detection methods. The next step will be to build a prototype HMBG to verify the
proposed concept and explore several aspects of the acousto-optical implementation such as the
limits of the multiplexing capability and the angular tolerance.
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