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Abstract: We report on the operation of an echelle spectrometer under structured light
illumination. Each diffraction order of the spectrometer is encoded with a certain periodic
structure allowing for order sorting by numerical analysis after detection. In contrast to cross-
dispersed echelle spectrometers, in this approach the orders overlap at the detection plane so
that the spectral calibration can be performed easily with a single reference wavelength. This
operational simplification makes it possible to measure simultaneously the light source under
study and the calibration wavelength giving rise to a self-calibrated echelle spectrometer. In
this way the device compensates for the spectral drift due to temporal changes of environmental
conditions in real time. Our proposal can be useful in a large number of applications requiring
moderate, high or very high resolving power for a wide bandwidth in a non-isolated environment.
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1. Introduction

Very fine spectral analysis of light possessing a wide bandwidth is customary performed with
echelle spectrometers (ES). Their uncountable applications cover a wide field of scientific
investigations in laser induced breakdown spectroscopy, Raman and fluorescence spectroscopy
and exoplanet search by the radial velocity method to name a few. The dispersive element of the
ES is the echelle grating, which is specially designed for use in high diffraction orders allowing
for increased dispersion and high resolving power. However, the enlarged resolution comes at the
expense of order (channel) overlapping at the detection plane. Consequently, a method for order
sorting is needed to extract the spectrum without ambiguity and to provide a broad operation range
given by the spectral contribution from all available channels. The most used method for channel
sorting employs a crossed low-dispersion element (grating or prism) to map all the channels
simultaneously onto the detection plane in different spatial locations. A representative instrument
of this kind is the HARPS spectrograph used for exoplanet search [1]. An alternative separation
method filters the incident spectrum to activate a single channel on each measurement by an
acousto-optic tunable filter [2]. Although this last option also offers high resolving capabilities
it is more time consuming since each channel is measured independently. The search of new
methods for order sorting could bring novel devices with improved characteristics.

The wavelength calibration of the ES is a very critical task that requires a precise assignment
pixel-wavelength to all the spectrometer channels. The most used calibration techniques employs
emission lamps [3], gas absorption cells [4], Fabry-Perot interferometer-based calibrators [5]
and laser frequency combs [6]. Once the spectrometer is carefully calibrated it must be pressure
and temperature stabilized to avoid spectral drifts due to temporal changes of environmental
conditions. Unfortunately, spectrometer stabilization and maintenance is a cambersome task and
increase substantially its price. An affordable alternative is a spectrometer capable to perform a
self-calibration in every spectral measurement for a proper spectral drift correction. However,
its realization is very complex due to the high number of spectral lines needed to cover all the
spectrometer channels. It remains a challenge to find a simple method for ES calibration suitable
to be implemented in every spectral measurement.

In this work we codify a certain periodic structure to each order of the ES by illuminating it
with structured light. Contrary to traditional cross-dispersed ES, the orders overlap spatially at
the detection plane with a different period being possible to sort them numerically by means of a
Fourier transformation. Our approach features simultaneously multi-channel measurement, as in
conventional cross-dispersed ES, by using a single reference wavelength for its calibration. The
spectrometer is self-calibrated in every spectrum analysis compensating for the spectral drift due
to environmental conditions. The performance of our method is demonstrated by implementing
a self-calibrated and non-isolated high resolving power ES (R ~ 5000 — 7000) with a broad
wavelength operational range (400 nm — 850 nm).

2. Experimental setup

The approach is composed by two parts as illustrated in Fig. 1. On the right the ES in the
Czerny-Turner configuration is schematically presented. This is a 4f system consisting on a
vertical slit (y-axis) on the input plane, an echelle grating on the Fourier Plane and a camera
(CCD, Imaging Source, 8-bit gray level, 1280 x 960 pixels, pixel size 4.65 ym) on the Image
Plane. The ES images the slit at the camera at different horizontal positions x depending on the
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wavelength. Since the echelle grating is blazed for use in high diffraction orders, multiple orders
overlap at the CCD mixing the spectral information (for simplicity Fig. 1 shows the behavior of a
single order). This unwanted effect is solved by illuminating the input slit with structured light
consisting on a periodic spatial structure along the slit axis with a wavelength dependent period.
The total intensity at position x on the CCD is the addition of one intensity pattern per order
possessing different periods. Thereby the channels are separated in the reciprocal space Fourier
transforming the signal along the y-axis.

Structured light generation Echelle spectrometer
- — f’{ J;’\; ;\
XA M !
; Side View : _ E
E L1 cL Virtualfocus |5 slit E
: / 1 D
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Fig. 1. Experimental setup. Left side: optical system to produce the structured light. Right
side: echelle spectrometer in the Czerny-Turner configuration. L1, L2, CL and M: spherical
lenses 1 and 2, cylindrical lens and mirrors, with focal lengths f; = 25cm, f, = 20cm,
fcr = 10cm and fjy = 10 cm, respectively. The Fresnel biprism has an apex angle of 0.7
degrees. The echelle grating is 25 mm X 50 mm size, 63 blaze and has 79 grooves/mm.

The left side of Fig. 1 shows the setup to obtain the structured light. The light coming from an
optical fiber is collimated by lens L1 and focused on the horizontal axis (x-axis) by the cylindrical
lens CL. Two parallel virtual foci on x-axis are created by the Fresnel biprism (see the inset
of Fig. 1) and the optical Fourier transform of this plane is performed by lens L2. The output
signal is the interference of light coming from the virtual foci yielding a wavelength-dependent
periodic structure along the y-axis that match the input slit of the ES. The figure caption list the
parameter values of the optical elements. A Michelson interferometer can also be used to obtain
the structured light instead of the Fresnel biprism. In fact, the combination of interferometry and
dispersion for spectral analysis has been exploited in Heterodyned Holographic Spectrometer [7]
and in Spatial Heterodyne Spectrometer [8] in which the mirrors of a Michelson interferometer
are substituted by diffraction gratings. In these configurations the resolving capabilities of the
devices are defined by the Fourier transformation of the signal in the same manner that in Fourier
transform spectroscopy. Furthermore, several types of spectrometers composed by a Michelson
interferometer to create an interference pattern and a dispersion spectrometer to separate the
spectrum in smaller bandwidths have been reported [9-11]. The resolving capabilities of these
devices are achieved by the Moire effect [9], by the fringes at the spectrum [11] or by a Fourier
transformation as well [10]. However, to the best of our knowledge, structured illumination
is used for order sorting in ES for first time. The resolving power is solely determined by the
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echelle spectrometer while the Fourier transformation is exclusively used for order sorting.
This operational principle presents a great advantage since the channels overlap at the camera,
which is the key for performing the self-calibration process as we will discuss below. Also, the
requirements on the interference pattern to sort the channels are much less stringent than in
Fourier transform spectroscopy, relaxing the isolation constrains of our structured light generator.

3. Theory
The foundation of our proposal is described in this section. The grating equation

sin@,, + sin6; = mi, (D)
Av

relates the incidence, 6;, and diffracted, 6,,, angles of light with frequency v and order m to the
grating period A of the echelle grating. Parameter c is the speed of light in vacuum. The ES is
designed such that light with frequency vy and order m impinges at the center of the CCD after
been diffracted by an angle 8y. Then, the diffracted angle of m-order can be measured from 6y as
0 = 0o + B, see Fig. 1, where 8 < 6y if the echelle grating is used in high diffraction orders.
Taking this fact into account, the frequency in (1) can be written as

v(x,m)~%(A+Bx)m, 2

where a Taylor series up to the first order in 8 has been performed, and it has been used the relation
sin 6y + sin ; = myAo/A derived from (1) for 6, = 8y. The parameters in (2) are A = A/(mpAp)
and B = —A? cos 0/ far, being the CCD spatial coordinate along the dispersion axis defined as
x = fuB, where fi; is the focal length of the spherical mirrors M, see Fig. 1. The signal, T,
recorded by the camera is the addition of one intensity pattern by each diffraction order:

I'(x,y) =rect (g) rect (%) Z 1[v(x,m)] {1 + cos [ﬂfi/\ (A+ Bx)my]}, 3)

where the summation limits cover all the orders m (channels in the CCD) that impinge on the
camera. The rect function is the usual rectangular function, a and b are the horizontal and vertical
dimensions of the CCD chip, I [v (x, m)] is the spectral intensity of the light source, d the distance
between the two virtual horizontal foci (see the inset of Fig. 1) and f, the focal length of lens L2.
Expression (3) shows that the total intensity at x is the addition of intensity patterns, each one
from a different order possessing a different period. The periodic functions along the y-axis are
due to the structured illumination, which is the key to order sorting.

The order sorting can be obtained from signal (3) performing the Fourier transformation along
the y-axis for each position x:

sin{ﬂb[u—zf%(A+Bx)m”

T (x,u) = brect (2) Iy (xm)] : @)

nb[u— 2f%(AHex)m]

where y and u are conjugate variables. It can be seen that the channels are sinc functions located
at different positions along u. Each sinc function is weighted by an specific portion of the spectral
intensity, therefore, the whole spectrum is extracted from (4) in the reciprocal space by just
measuring the sinc amplitudes. Equations (3) and (4) show the effect of overlapping channels
on the CCD, but doesn’t describes the full optical capabilities of the ES. In fact, to obtain (4)
three assumptions were considered: an ideal interference pattern visibility, a thin slit and a
non-aberrated ES. In practice, maximum fringe visibility is achieved when the horizontal focus
have a width less than 40 um. This can be obtained either by a proper combination of focal



Research Article Vol. 25, No. 24 | 27 Nov 2017 | OPTICS EXPRESS 30646 I

Optics EXPRESS SN N\

lengths and apertures of L1 and CL or reducing the focal width with an horizontal slit at the focal
plane of the CL.

The design of the present proposal yields a very simple calibration method using a single
reference wavelength. The calibration method is based on two hypothesis. The first one states that
wavelengths from different orders that impinge the camera at the same pixel x are diffracted by
the echelle grating at the same angle. From this property and using (1), it is possible to know one
wavelength per order at x. This means that, providing the position xg of a reference wavelength
/1200 of order my, the wavelength A;;° of order m at xq is known as:

=T )

This equation is satisfied because the orders overlap spatially at the camera, in contrast to
conventional cross-dispersed ES where channels are spatially separated. Typically, in the design
of ES, it is mandatory that small portions of the spectrum appear duplicated at opposite sides on
the camera for consecutive orders. This is required to avoid spectral gaps between consecutive
orders. If the reference wavelength impinges the camera at x; for the order mg + 1, then the
wavelengths at x| of order m are also known:
o= mo + 1/lx0 6

m m mo - ( )
Considering Egs. (5)-(6), it is possible to know two wavelengths per order, one at x( and the other
at x;. Now, the second hypothesis states that the dispersion curve for each order approximates by
a linear function:

— + —
/lm(x)z/lﬁfom()(xl Xo) + X — X0

m(x1 — Xo) @
From (7) the spectrometer is calibrated with a fairly good approximation from a single
wavelength, as we will demonstrate below. In fact, the small discrepancies in the whole operational
range (400 — 850 nm) are equal or less than the spectral increment in one camera pixel. This large
simplification enables to introduce the calibration wavelength in every spectral measurement
achieving a self-calibrated ES. This calibration method is much more simple and robust than
conventional ones. Moreover, a calibration to a second/third order can be achieved with our
approach by just using another reference wavelength being still suitable for self-calibrated ES.

4. Experimental results

In this section we analyze the spectrum of different light sources demonstrating that the order
sorting and the calibration process work properly for continuum and discrete spectral intensities.
We show on Fig. 2(a) the CCD signal corresponding to the simultaneous detection of a white-LED
source and a stabilized He-Ne laser emitting at 632.81 nm used as the calibration source. Equation
(3) describes the CCD signal. Each column along the y-axis in Fig. 2(a) is the addition of
wavelength-dependent periodic intensity patterns, each one from each diffraction order, producing
an oscillatory behavior with periodic visibility. Maximum visibility is reached at y-points where
the intensity patterns add in phase.

The Fourier transformation of the signal along the y-axis for each position x is shown in Fig.
2(b). This figure is described by (4). The orders are clearly resolved in the reciprocal space as
expected by our proposal. Drawn over Fig. 2(b) is the channel map, consisting in a set of red lines
which identify the center position of each diffraction order. Using our arrangement we were able
to separate 20 orders, from m = 12 to m = 31, covering the broad spectrum range 400 — 850 nm.
We point out that the number of orders is solely limited by the design of the ES, no matter
the method for order sorting. In fact, a cross-dispersed ES with identical characteristics would
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spatially separate equal number of orders. Our proposal could be used in very high resolution ES
having high number of orders.
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Fig. 2. (a) Signal recorded by the camera for simultaneous illumination with a white-LED
source and a stabilized He-Ne laser. This signal is described by (3). (b) Fourier transformation
(FFT) of the signal along the y-axis for each position x. This figure is described by (4). The
red lines are the channel map indicating the center position of each diffraction order m. The
self-calibration process is performed introducing in (7) the position x and order m of the
laser peaks in (b). (c) Spectral intensity of the white-LED source by the addition of the
intensity profiles along the channel map for orders 16 — 29.
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Fig. 3. (a) Signal recorded by the camera for simultaneous illumination with a Ne discharge
lamp and the stabilized He-Ne laser. This signal is described by (3). (b) Fourier transformation
(FFT) of the signal along the y-axis for each position x. This figure is described by (4). The
red lines are the channel map indicating the center position of each diffraction order m. The
self-calibration process is performed introducing in (7) the position x and order m of the
laser peaks in (b). (c) Intensity profile along the channel m = 18. The numbers in (b)-(c) are
the wavelengths in nm found with our method (top) and in [12] (bottom).

The calibration process is performed with the He-Ne laser. This wavelength is recorded together
with the spectral intensity of the light source under study, as shown in Fig. 2(a). The Fourier
transformation of the laser signal gives two peaks at xy = 78 for my = 18 and x; = 1079 for
m = 19, see Fig. 2(b). Introducing these values in (7) the spectrometer is self-calibrated. So, the
spectral intensity of the white-LED source is the joint representation of the intensity profiles
along the channel map corresponding to orders 16 — 29, as shown in Fig. 2(c). Notice that each
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channel covers a different spectral bandwidth giving by (7) and represented on the bottom of this
figure. In order to avoid spectral gaps between consecutive orders the spectral information from
consecutive orders at opposite sides on the CCD must be duplicated, as we said before. This
redundant information is suppressed on the representation of Fig. 2(c).

The result from a discrete spectrum emitted by a Ne discharge lamp is shown in Fig. 3. The
recorded image is composed of narrow periodic intensity patterns along the y-axis [Fig. 3(a)] at
different positions x. This behavior is described by (3). The Fourier transformation of the signal
along the y-axis for each position x [Fig. 3(b)] is described by (4). As expected, sinc functions
along u at discrete positions x are obtained, each one centered at a specific order as it can be seen
by adding the channel map in Fig. 3(b). In order to highlight the spectral details, we only show
orders 16 — 21 because their large intensities. The calibration is performed identically to that in
Fig. 2 obtaining spectral values displayed (in nm) on the top position at each peak in Figs. 3(b).
For comparison purposes the values found in [12] are displayed on the bottom showing that the
spectral lines differ from tabulated values at most 0.04 nm. This difference is close to the spectral
increment between consecutive pixels on x, which is the maximum accuracy that any calibration
method can reach considering the discrete nature of the pixels. This proves the correctness of the
self-calibration method.

AX=0.13 nm AX=0.18 nm
— <« —> <«

485.97 nm ] 486.10 nm 656.07 nm ¢ ¢ 656.25 nm
HU
It
!

m=24 ‘ m=18

Intensity (a.u.)

A (nm)

Fig. 4. Spectral intensity of a Hydrogen (blue) and deuterium (red) discharge lamps
measured and self-calibrated independently. The optical setup has been subjected to moderate
mechanical vibrations prior to measuring. The typical spectral shift in the green (A1 ~
0.129 nm) and red (A2 ~ 0.176 nm) parts of the spectrum is resolved for the HB (m = 24)
and Ha (m = 18) emission lines.

A detailed analysis of the spectrum for order m = 18 is shown in Fig. 3(c), where well defined
individual peaks are obtained at the correct positions. The full wide at half maximum (FWHM)
of each spectral line, Alpw gy ~ 0.09 nm, extends 3-4 pixels. This is used to find the resolving
power, R, of our approach R = 1/AA ~ 5000 — 7000. These values are close to the greatest
resolving power (R,,,ox ~ 10000) reached for a ES with the characteristics analyzed here. In
fact, R4 is calculated for spectral lines with FWHM that extends two pixels. Nevertheless, the
found R-value is identical to the obtained for a cross-dispersed ES of the same characteristics.
Our approach is not limited to this resolving power being possible to obtain very high resolving
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capabilities for a proper ES design. It is also possible to numerically increase the resolving power
of the ES using the point spread function (PSF) of the system. In [10] it is described a method to
determine the PSF and to increase the resolving capabilities more than one order of magnitude.
This process applied to our approach will be investigated in further research. It is important to
note that the ES exhibits spectral line curvature, refereed as smile effect [13]. This is a common
spatial distortion on the monochromatic image of the slit caused by the grating or by optical
aberrations of the spectrometer elements. The smile effect curvature has been measured for the
He-Ne laser and it has been assumed invariant in the whole operational range of the ES. This
assumption allows to digitally correct the image in a simple manner before performing the Fourier
transformation. Figures 2(a) and 3(a) are the images digitally corrected, the last one composed
of straight vertical lines which indicates the correctness of the method to compensate the smile
effect.

Finally, in order to show the advantages of the self-calibration process, we expose the ES to
vibrations prior to measuring. These exaggerating environmental conditions try to simulate the
spectral drift in a non-isolated experiment dealing with very high spectral resolution. Under these
adverse conditions we evaluated the approach capabilities to distinguish very similar spectra
emitted by a hydrogen (blue line) and a deuterium (red line) discharge lamps shown in Fig. 4.
Each discharge lamp has been self-calibrated separately but their spectra are displayed together.
The scale in the abscissa display a portion of orders 24 and 18 in which the most intense emission
lines are localized. The spectral shift between the hydrogen and deuterium emission around the
HpB (A2 ~ 0.129 nm) and Ha (A1 ~ 0.176 nm) is observed in agreement to [12] even under
mechanical perturbance. In this particular case the calibration curves are shifted by a few pixels
in the CCD. If the self-calibration is not applied, as in conventional echelle spectrometers, the
spectrum of the hydrogen will roll at the opposite site of the deuterium spectrum giving wrong
results. This last experiment shows that the self-calibration method works properly to resolve
slightly spectral differences in a non-isolated ES, even in adverse environmental conditions. The
application of this method largely reduce the isolation constrains enabling this technology to be
portable and accessible to modest budgets.

5. Conclusions

A non-isolated self-calibrated high resolving power (R ~ 5000 — 7000) echelle spectrometer
operating in a broad wavelength range (400 — 850 nm) is demonstrated and experimentally
performed. The order sorting takes place in the reciprocal space exploiting the properties of
structured illumination. This design allows a very simple calibration method by using a single
reference wavelength that can be implemented in every spectral measurement. Our approach is
suitable for the development of self-calibrated echelle spectrometers without tricky and expensive
stabilization methods to compensate spectral drifts due to environmental conditions. The overall
process is simple, robust and fast. These important features open possibilities to a new family
of non-isolated self-calibrated ES with moderate, high and very high spectral capabilities at
competitive prices.
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