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Abstract: Echelle grating provides high spectral resolving power and diffraction efficiency in a
broadband wavelength range by the Littrow mode. The spectrometer with the cross-dispersed echelle
scheme has seen remarkable growth in recent decades. Rather than the conventional approach
with common blazed grating, the cross-dispersed echelle scheme achieves the two-dimensional
spatial distribution of the spectrum by one exposure without scanning in the broadband spectral
range. Itis the fastest and most sensitive spectroscopic technology as of now, and it has been
extensively applied in commercial and astronomical spectrometers. In this review, we first highlight
the characteristics of the echelle and then present the optical layout, detection approach, and method
of calibration. Finally, we discuss the state-of-the-art implementations and applications of commercial
and astronomical instruments.
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1. Introduction

A spectrometric instrument is to separate incoming light into its various frequency
components whose strength and value provide information about either the source or the in-
tervening medium [1]. For many years, it has been important in the study of physics, and it
is now equally important in astronomical, biological, chemical, metallurgical, and other
analytical investigations [2-6]. In chemistry, toxicology, and forensic science, spectroscopy
is used to determine the presence and concentration of chemical species in samples. In as-
trophysics, it provides clues as to the composition and processes in stars and planetary
atmospheres, as well as clues as to the large-scale motions of objects in the universe.
In telecommunications, spectrometers are being used to analyze the channels of fiber-optic
networks. The spectroscopy mainly depends on dispersion, diffraction, inelastic scattering,
or optical modulation. No matter which method is used, the spectral resolution and time
resolution are of considerable importance for spectroscopic instruments. Capturing high-
resolution transient spectra over a wide spectral range is a challenge for accurate and
efficient spectral analysis. Prism dispersion is short in terms of resolving power. A con-
ventional grating cannot provide a uniform efficiency within a broad wavelength range.
Raman spectrometers and Fourier transform spectrometers are limited in terms of time res-
olution and wavelength coverage. For high-resolution transient spectral analysis, an echelle
spectrometer is the best choice.

The echelle is a kind of grating whose property is between the echelette and the eche-
lon. It is coarsely ruled with large blaze angles and low groove frequencies, and it is used
in high diffraction orders, so the grating period is greater than the wavelength of interest.
Typical echelle groove spacings are 31.6, 79, and 316 g/mm, and blaze angles are 63.4°,
76°,80.5°, and 82.8°, which correspond to R2, R4, R6, and R8 echelles. The characteristics
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of it were first described by George R. Harrison in 1949 [7-12]. The echelles were first
applied in astronomy, both satellite- and ground-based, with specially designed instru-
ments. Although there was some early analytical interest, it was not until the 1970s that
instrumentation based on the echelle became generally available to analytical chemists [13].
This availability was due to the commercial acceptance and the astronomical applications.
The dispersive system using an echelle can select the wavelength quickly and easily.
Different from traditional gratings, echelles are used at large angles of incidence and diffrac-
tion with high diffraction orders, blaze in a full spectrum, and form a two-dimensional
spectrum by a cross-dispersion scheme. It greatly increases the resolving power and intrin-
sic dispersion with a broad spectral coverage at fairly uniform efficiencies and increases
the speed and compactness of spectrometers by the availability of shorter focal lengths,
cyclic spectra, and the narrower geometry provided by the nearly identical exit angles of all
wavelengths [10]. In higher orders, at least, the echelles are nearly free of polarization effects.

The echelle and cross-dispersion spectroscopic scheme is used by many high-end ana-
lytical instruments, including ICP-OES [14-18], AAS [19,20], and LIBS [21-23]. The spectral
resolution is up to the picometer scale, and the wavelength covers the range from deep
ultraviolet to near-infrared light. Due to the transient imaging and the high resolution at
compact sizes, astronomical spectrometers also favor the echelle approach. Spectral analy-
sis of the weak light collected by telescopes requires long-time exposure, and the echelle
spectrometer can capture broadband spectra at one shot instead of scanning by ordinary
blazed grating spectrometers [24]. It is very important for the analysis of the moving
celestial body to seize the instantaneous state of the measured object [6].

In this review, we present the specific theoretical underpinnings of the echelle’s funda-
mental characteristics and illustrate typical optical layouts, detecting schemes and spectral
calibration methods. We also describe the development and the state-of-the-art of commer-
cial instruments and astronomical spectrometers. Finally, we discuss the future direction of
this evolving field.

2. Fundamental Characteristics
2.1. High Resolving Power

An echelle is a kind of blazed grating, and the grating equation is:
sini+sin® = mA/d 1)

where i is the incidence angle,  is the diffraction angle, A is the wavelength, d is the groove
spacing, and m is the diffraction order.

At a certain wavelength, when i and 6 satisfy the following condition, the light at this
wavelength is blazed, and the diffraction efficiency is maximum.

i+6 =20 ()

where 63 is the blaze angle of the grating. The angular dispersion can be obtained from the
grating equation:

de _ m _ sini+sinf 3)
dA  dcosf  Acosf
and the theoretical resolving power:
A w. ..
R—ﬁ—mN—X(51nz+smG) 4)

where N is the total number of grooves illuminated on the grating surface, and W is the
illuminated width of the grating. Equation (3) shows that the angular dispersion is only
relevant to the incidence angle i and the diffraction angle 6. The larger i and 6 are, the higher
the angular dispersion is. Equation (4) shows that the resolving power also increases with
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the increase in i and 6. Replacing 6 in Equation (4) with Equation (2), the resolving power
at the blazed wavelength A, is expressed as:
Ay W, oo .
R = — = — 2 —
b= 5, T A (sini+sin(26p — 1)) (5)
In differentiating Equation (5), we obtain the condition of the maximal resolution at
the blazed wavelength:
% :Aﬂ(cosi—cos(Zeg—i)) =0 (6)
b
When i = 03, the resolving power at the blazed wavelength is maximum. This type of
layout is called the Littrow mode [25,26]. At this time, the angular dispersion is:

d0  2tanfp
= @)
and the resolving power is:
A2W
= ﬁ = T s GB (8)

Equations (7) and (8) show that the angular dispersion and the resolving power at the
blazed wavelength directly depend on the blaze angle of grating, which is normally 50-80°
in an echelle. Assume that there is an echelle with a groove spacing of 79 gr/mm and a
blaze angle of 76°. There is a common grating with a groove spacing of 1200 gr/mm and a
blaze angle of 22°. The illuminated width of both gratings is 50 mm. Under the condition
of A = 632.8 nm, the resolution of the common grating is ~60,000, and the resolution of the
echelle is ~155,000. So, the echelles have a higher intrinsic resolving power than that of
common blazed gratings.

2.2. Blaze in Full Spectrum

By normalizing the diffraction intensity function of the echelle, the diffraction efficiency
function can be expressed as:

5\ 2
Y. R _ sin Jy, 2 sinNTd _ . 2
1G,0) = NI < % ) (Nsin?) BE-(IF/N') )
oy = Xb(sin(i — Op) +sin(6 — 6p) )
0g = Fd(sini +sin@)
where BF is the blaze function, and IF is the interference function. When the rays of A; are
just blazed, the grating equation is:

mAy, = d(sini 4 sin6) (10)

6} is the diffraction angle of the rays of A,.

Let us investigate the diffraction of the wavelengths adjacent to the blaze wavelength.
We assumed that A, and A_ are slightly larger and smaller than Ay, respectively, as shown
in Figure 1.

Their corresponding grating equations are:

mAy = d(sini+sin(6, £ 0+))

= mAy, — dsin (1 — cos B+ ) & d cos O sin O+ (1)
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Figure 1. The diffraction schematic of the echelle.

Obviously, the diffraction efficiencies corresponding to different A+ vary. If we choose
a pair of A4+ where the BF value is 0.405, 0, + 0.— = A/(dcosfp). When 6, is very small,
B¢+ is approximately:

At
= — 12
fex 2d cos 0p (12)
Thus, cosf;+ is nearly equal to 1. When 60, = 0p, A+ can be described as:
mA
Ar=—t (13)
m%F 5
When m is large enough, there is:
m)\b Ab
Al —A=——"79 =0 14
+ m2—1/4 m (14)

Ap/m is exactly the free spectral range of the m-th order. It shows that the diffraction
efficiency within the free spectral range is not lower than 40% (Figure 2).
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Figure 2. The BF function schematic of the echelle at order m.

Next, we discuss the relationship between the blazed wavelength of different orders
and the free spectral range. It is assumed that the blazed wavelength of the first order at
the Littrow mode is Ap, and the blazed wavelength of the m-th order is Ay,,. Because the
diffraction directions of these two wavelengths are the same, they can be depicted as:

/\B = 2d sin 93 (15)

1, Ag
Ay, = —2 = 16
b= dsin 0p - (16)
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From Equation (13), we can find that the upper limit of the free spectral range of the
m-th order is just the lower limit of the free spectral range of the (m + 1)-th order:
AB AB

m+1/2 ~ (m+1)—1/2 17)

The free spectral range is very narrow, and the rays from different diffraction orders
overlap with each other. The wavelength distribution at each order is shown in Figure 3.
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Figure 3. The wavelength distribution at each order.

The free spectral ranges of adjacent orders can be connected to form an entire broad-
band spectrum. The diffraction efficiency of all the wavelengths is higher than 40%
(Figure 4), which is the characteristic of the blaze in the full spectrum.
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Figure 4. The diffraction efficiency schematic of the echelle in a broadband spectral range.

3. Optical Layout
3.1. Littrow Mode

The light usually incidents on the echelle by the Littrow mode [27], which provides
a greater resolving power, as shown the illustration above. However, in the strict Lit-
trow mode, the incident rays overlap with the diffracted rays of the blazed wavelength,
which limits the layout of optics. Therefore, it is necessary to introduce a certain angle
to separate the two beams to form a quasi-Littrow mode. There are two ways—one is
the In-plane Quasi-Littrow mode, and the other is the Off-plane Quasi-Littrow mode [28],
as shown in Figure 5.
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Figure 5. (a) In-plane Quasi-Littrow mode (IQLM); (b) Off-plane Quasi-Littrow mode (OQLM).
The gray plane is the principal plane of the echelle, N is the normal of the echelle plane, and Na is the
normal of the reflective facet. i and 0 are the angles of incidence and diffraction, respectively. i; is the
angle between the incident rays and Na.  and " are the angles at which the incident and diffraction
rays deviate from the principal plane, respectively. W x Lg is the size of the echelle.

For IQLM (Figure 5a), the incident rays and diffraction rays are all in the principal
plane. In OQLM (Figure 5b), the incident and diffraction rays deviate from the principal
plane by small angles. Instead of the coincidence with Na in the strict Littrow mode,
the incident rays deviate from Na by a small angle, both in IQLM and OQLM, which makes
the optical layout easier. However, the diffraction efficiencies of these two modes have
some differences. When i; = 0, it is the strict Littrow mode whose diffraction efficiency
is maximum. As iy increases in IQLM, the peak diffraction efficiency decreases rapidly,
which indicates that there is a trade-off between the efficiency and the optical layout.
A small i; is beneficial for diffraction efficiency, but it is easy to obstruct other optics.
While in OQLM, the projections of the incident and diffraction rays on the principal plane
satisfy the Littrow condition. The diffraction efficiency is cosy times that of the strict
Littrow mode. cos?y has little effect on diffraction efficiency, even when -y increased to
10°. This indicates that OQLM maintains the characteristics of the full-spectrum blaze
better, taking full advantage of the light flux [29]. So, OQLM is widely accepted by
most instruments.

3.2. Cross-Dispersion Layout
At OQLM, the grating equation can be expressed as:

2d sin 0 cos ¥y = mA (18)

Due to the large blaze angle and large grating period of the echelle, the blazed wave-
lengths of all orders are diffracted in the same direction, causing the overlap of the diffrac-
tion wavelengths from different orders. In order to separate the overlapping orders,
we need to perform secondary dispersion in the direction perpendicular to the grating dis-
persion, forming the cross-dispersion to obtain a two-dimensional spectrum [30], as shown
in Figure 6. The cross disperser can be a prism or a grating. Commercial spectrometers
usually use prisms, and astronomical instruments employ gratings more. We can define
the grating dispersion as the primary dispersion and the dispersion perpendicular to the
primary one as the auxiliary dispersion. The resolution of the auxiliary dispersion should
be greater than the free spectral range. The arrangements of the primary and auxiliary dis-
persion have three modes, as shown in Figure 7. Taking a prism as the auxiliary disperser,
for example, the position of the prism can be before or after the echelle, or the rays pass
through the prism twice. When the rays are pre-dispersed by the prism (Figure 7a) [31,32],
the incidence angles on the echelle are not uniform, which makes the calibration difficult.
The layout in which rays pass through the prism twice (Figure 7c) [33-36] suffers from the
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(a)

Focusing

same problem, but it has a higher resolving power between orders. The most common
mode is that the prism is after the grating (Figure 7b) [15,37], which is easier for calibration
and can meet the resolving demands for orders in most cases.
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Disperser m+2
m+l1
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Figure 6. Schematic of cross-dispersion.
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Figure 7. Three major cross-dispersion layouts. (a) Pre-dispersed by the prism; (b) Post-dispersed by

Focusing

mirror mirror

the prism; (c) Twice-dispersed by the Prism.

3.3. Collimating/Focusing Optics

The standard scheme of the cross-dispersion for the echelle spectrometers evolved
from the Czerny-Turner (CT) structure [38,39]. As shown in Figure 7, it uses two concave
spherical mirrors as the collimating mirror and the imaging mirror, respectively, at the two
sides of the grating. In the traditional CT structure, the comas from the collimating and
imaging mirrors cancel each other out, which effectively improves imaging quality [40].
However, in OQLM cross-dispersion optics, the rays do not enter and exit on the principal
plane of the grating, so the astigmatism, coma, and spherical aberration generated by the
two spherical mirrors are superimposed [41]. Therefore, compressing aberrations and
improving imaging quality are the challenges for echelle spectrometers.

To overcome the influence of aberrations on the spectral resolution, multiplex alter-
ations of optical paths are applied on the standard scheme by integrating extra optical
components to the optics or by replacing the spherical mirrors with other macroshape
mirrors. The astigmatism is the key influencing the resolution in the standard scheme.
Wood and Lawler proposed an approach that suppressed astigmatism by rotating the
ordered separation system to an orthogonal plane and prevented additional coma [42].
Xiao Fu [43] and Yin Lu [44] both added a cylindrical lens between the imaging mirror and
the image plane to compress astigmatism. Yingchao Li proposed an aberration-corrected
method for the echelle spectrometer based on a digital micromirror device and a photomul-
tiplier, placing a lens group in front of the digital micromirror device [45]. Using parabolic
mirrors as the collimating and imaging mirrors is another way to improve the system [46],
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which eliminates all the aberrations at the central wavelength. The system has much better
imaging quality within a certain wavelength range, but the further away the wavelength is
from the image center, the worse the image quality is. The spectral resolution difference
from the nonuniform spot size is big. To overcome the inhomogeneity of the spot size,
Yinxin Zhang [47] and Zengpeng Yang [48] both replaced the single imaging mirror with
the three-mirror anti-astigmatism optical system. All the methods above are beneficial to
optimizing the cross-dispersed optical system.

3.4. Detector

The two-dimensional spectrum of the cross-dispersion on the focal plane should
be detected by detectors. Some early echelle spectrometers used the photomultiplier
(PMT) [49-51] and photo-diode array (PDA) [52,53]. Nowadays, area array charge-coupled
devices (CCD) and Complementary Metal Oxide Semiconductors (CMOS) are widely used.

When selecting a detector for the echelle spectrometer, we should consider some main
parameters, such as the quantum efficiency, the image size, the effective pixels, and the pixel
size. Within the wavelength range required, the higher the quantum efficiency is, the more
sensitive the detector is. To capture the target spectrum in one shot, the image size ought
to be big enough to cover all the monochromatic image spots that are to be measured [54].
For the primary dispersion direction, the height H of the detector should satisfy:

fcam/\m—cen
Ay, =————"-<H 19
"™ dcosycosfp — (19)

where Al is the broadening of a single order on the image plane, fu, is the focal length of
the focusing optics, and Acen is the central wavelength of the m-th order. For the direction
perpendicular to the primary dispersion, the wavelength range is A, ~A 4y, and the width
W, of the detector should satisfy:

fcum (Xmax - Xmin) < W, (20)

where X ;i and Xmax are the dispersion angles at A,,;, and A4y, respectively.

The pixel size of the detector influences the system spectral resolution [55,56]. No mat-
ter what kind of detector is selected, we must follow the Nyquist-Shannon sampling
theorem. That is, each image spot should cover at least two pixels. For more reliability,
we cover three pixels and obtain:

sini +sin 6

AcosO f-AA = 3p @)

where AA is the spectral bandwidth of the slit image, and p is the pixel size of the detector.
In the Littrow mode, the pixel size p should satisfy:

2f tan 6
p<fan3

3R @2)

where R is the spectral resolution of the system, which is inversely proportional to the pixel
size. There is a trade-off between the sensitivity of the detector and the spectral resolution.

4. Calibration

The two-dimensional monochromatic images captured by the detector need to be
converted into a one-dimensional spectrum (Figure 8) calibrated with respect to the wave-
length and intensity, which is called spectral restoration. The accuracy of the wavelength
calibration depends on the spectral restoration algorithm. Improving the computational
accuracy as well as the operating rate are always the goals of calibration algorithms.
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Figure 8. Calibration diagram.

In the early period, the wavelength position on a detector was calibrated by ray
tracing with massive calculation. Later, it was optimized by mathematical methods.
Nisson A. described the spectrum as its component cyclic orders and subsequently used
the spectrographic optical axis as the fiduciary line to identify an unknown spectral line in
terms of the position within its order cycle, with an accuracy of 1/10° [57]. McNeill pro-
posed a method by which any line in an echelle spectrum was characterized by the ra-
tio of /L, where L is the distance between two arbitrary marks at opposite ends of the
prism spectral slit, and / is the distance of the echelle line from one of them. Its accuracy
is better than 1/10° [58]. However, the calibration accuracy and speed are still insuffi-
cient. Researchers developed a method of building a simplified optical model to establish
the relationship between the wavelength and pixel position. For example, the software,
called EGRAM (for echellogram), mapped the spectrograms from echelle spectrographic
systems to the first order [59]. Rui Zhang deduced a detailed mathematical model suit-
able for real-time wavelength calibration of the refractive index of the prism, with an
accuracy of 1073 nm for the entire spectral range [60]. Sometimes, the model has errors.
Lu Yin combined the ray-tracing technique with the method of EGRAM [59] to solve this
problem. The accuracy of the algorithm is improved by calculating the offset distance
of the principal ray from the center of the image plane in the two-dimensional vertical
direction and compensating the spectral line bending from the reflecting prism, and the
maximum deviation is less than one pixel [44]. Because many algorithms need to know the
locations and wavelengths of hundreds of lines, G. Mirek Brandt proposed a method that
required neither the pixel locations of certain spectral features nor the true order number
of each diffraction order. It is a fully automatic wavelength calibration method that uses
duplicate spectral features in adjacent orders to establish the scale-invariant component of
the wavelength solution [61].

However, the actual image location may not be completely consistent with the theo-
retical wavelength coordinates, which may be caused by environmental changes (such as
humidity, temperature, and atmospheric pressure), the processing of optical components,
and adjustment errors. So, the model calibration is of significance. Sadler proposed a
wavelength calibration method that simulated a conceptual spectrometer and could achieve
sub-pixel accuracy of spectral line prediction positions in the temperature range of 5-35 °C [62],
but this method ignored the effects of pressure and humidity. Rui Zhang established
a spectral simplified model that could invert systematic parameters, and the deviation
between the corrected actual x- and y-coordinates and the model calculation was less than
one pixel [63]. Fajie Duan also proposed a time-saving simple spectral reduction algorithm.
First, the least squares method (LSM) was used to associate the actual spectrogram with the
theoretical model; then, the polynomial fitting method was used to improve the accuracy
of the algorithm, and the wavelength error was less than 0.02 nm [64].
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5. Applications
5.1. Commercial Instruments

The echelle system has been extensively used in commercial instruments because
of its parallel measurement in a broadband spectral range with a high resolution and
its compact size. The mainstream instruments include the inductively coupled plasma
optical emission spectrometer (ICP-OES), atomic absorption spectrometry (AAS), and laser-
induced breakdown spectroscopy (LIBS).

The combination of the echelle and cross-dispersion is the optimum optical scheme for
ICP-OES that measures a large number of spectral lines simultaneously [65-69]. The spectral
resolution is normally a few picometers. An echelle polychromator for ICP-OES designed
by Thomas W in 1993 had a spectral range of 167-782 nm and a resolution of 0.006 nm
(full width at half-maximum, FWHM) at 220 nm [66]. Shen Luan designed one that
measured wavelengths from 130 nm to 800 nm, with a spectral bandwidth of 0.006 nm at
134.724 nm [65]. The near-infrared Echelle microwave-induced plasma atomic emission
spectrometry (NIR-Echelle-MIP-OES) studied by J. Koch can be used for high-repetitive,
high-resolved, and simultaneous spectra acquisition between 640 nm and 990 nm [67].
Chen proposed a wide spectral coverage approach with a rotating prism. The spectral
range can reach 180-900 nm. Combined with ICP-OES, the wavelength precision is better
than 0.01 nm [15]. Rolland-Thompson developed an approach in 2019 that can be applied
to ICP-OES, and its imaging system includes primary, secondary, and tertiary tilted mirrors.
The spectral resolution is up to 2.3 picometers/pixel [70].

The early AAS used hollow cathode lamps as the light source [71] and replaced the
lamps to measure different chemical elements. Using continuous light as the light source
directly is a challenge because it needs an optical scheme with a higher efficiency and a
detector with more sensitivity [72]. The echelle cross-dispersed system provides a good
solution [73]. For example, the electrothermal atomic absorption spectrometry (ETAAS)
system developed by Bernard Radziuk determined simultaneous multi-elements and
increased the radiation throughput [74]. Becker-Ross developed an echelle spectrometer as
the research tool for the structured background in flame atomic absorption spectrometry
(flame-AAS) with a spectral range of 200-465 nm [75].

LIBS requires broadband and high-resolution performance. In 1998, H.E. Bauer first
proposed an approach using an echelle and an intensified charge coupled device (ICCD)
in LIBS, which can simultaneously measure spectral lines in a wide wavelength range
and improve the performance of analyzing samples [76]. Since then, the echelle scheme
has been widely used in LIBS [77,78]. Chen Shao-jie [79] and C. Fabre [80] applied the
echelle dispersion technique to LIBS successfully. A setup for LIBS and Raman spectroscopy
measurements in a single unit using an echelle spectrograph system has been reported in
recent years to measure minerals, archaeological artifacts, and other complex samples with
minimum sample damage or consumption [81].

5.2. Astronomical Instruments

In the field of astronomy, spectral analysis is an extremely important way to observe
celestial bodies. The spectral analysis determines the density, mass, movement, chemical
composition, and distance from earth [82]. A high spectral resolution and broadband
spectral range are the basic requirements for astronomical spectrometers. The light from
deep space through a telescope is so weak that it usually takes more than one hour for
an image. Spectrometers with common blazed gratings need multiple exposures for a
broadband spectral range. During the longtime exposures, the state of celestial bodies may
have changed. So, the capability of capturing the whole spectrum at one shot is another
requisite for astronomical spectrometers. The echelle and the cross-dispersion are exactly
applicable in astronomy:.

Early astronomical applications of the echelle spectrometer include the middle ultravi-
olet solar spectrometer from rockets [83] and the echelle spectrometer-spectrograph for the
91 cm telescope at Pine Bluff [84]. However, due to the limitation of the grating fabrication,
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the resolution is not high. With the improvement of the ruling technique, echelle spec-
trometers have been more widely used [85]. The high-resolution echelle spectrometer
(HIRES) [86,87] (Figure 9) is the most representative one, which was constructed for the
Keck telescope. It uses an echelle as the dispersive element, and the focal length of the
collimator is much larger than that of the spectroscopic imaging mirror to reduce the image.
It is difficult for the optical design to image the information from a large aperture telescope
to the detector of a limited area. Therefore, the spectrometers for astronomical observation
have much more complicated optics than commercial instruments. To meet the extremely
high-resolution requirements, they typically have a front optical path, a collimated optical
path, a cross-dispersion optical path, an imaging optical path, and an additional correction
optical path.
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left) [86]. (Reprinted with permission from [86] © The Optical Society).
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In recent years, more and more observatories have begun to use echelle spectrometers
for astronomical observations, as shown in Table 1. It can be seen that the spectral range
of most spectrographs covers all of the visible spectrum and some of the near-infrared
spectrum, such as EXPERT-III [88], CAFE [89], MIKE [90], and NRES [91-93]. There are
also a few spectrometers whose spectral range only covers the near-infrared band, such as
SPIRou [94-96]. Some spectrographs cover part of the mid-infrared spectrum, such as
CRIRES+ [97-100]. Many of these spectrographs follow a concept called “white-pupil”,
which was proposed by Baranne in 1972 [101]. In the white-pupil concept, the system pupil
at the dispersive element is re-imaged on the entrance aperture of the camera. This pupil
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image is fixed at a specific position, independent of the wavelength. For example, the optical
design of NEID is based on a classic white pupil layout [102]. Generally speaking, the white-
pupil design offers a higher overall throughput and better image quality than conventional
designs for the same resolution. For higher performance, some spectrometers use a beam
splitter to split the beam into two sections so as to optimize the image quality and optical
efficiency of each section individually. Some spectrometers split the beam into red and
blue arms, such as G-CLEF [103-105], ESPRESSO [106-109], PEPSI [110-113], and SALT-
HRS [114], while the light in CARMENES is separated into the visible and near-IR channels
by a dichroic beam splitter centered at 0.96 um [115-117]. In order to get a wider range
of full spectrum coverage, some spectrographs employ several echelles with different
incidence angles, such as CRIRES+. For higher spectral resolutions, we can use smaller slits,
but the luminous flux is lower. Thus, the relationship between them needs to be balanced.
Some spectrographs, such as CRIRES+ and IRD [118], were adjusted by an adaptive optics
system to improve the performance of spectrometers.

Table 1. Echelle spectrometers at observatories.

Observatory Spectrometer Model Spectral Range (nm) Resolution
CAFE 365-980 70,000
Cala Alto Observatory CARMENES 520-1710 93,400, 82,000
Cerro Tololo Inter-American Observatory CHIRON [119] 410-880 80,000
European Southern Observator CRIRES+ 950-5300 50,000, 100,000
P y ESPRESSO 380-780 59,000, 134,000, ~200,000
. . EXPERT-III 380-900 56,000, 110,000
Kitt Peak National Observatory NEID 380-930 100,000
G-CLEF 350-950 19,000, 108,000
Las Campanas Observator MIKE 320-1000 19,000, 25,000
P y NRES 390-860 53,000
PFS [120] 388-668 38,000
IRD 970-1750 70,000
Mauna Kea Observatory SPIRou 980-2440 70,000
Mt. Graham International Observatory PEPSI 384-913 50,000, 130,000, 250,000
South African Astronomical Observatory SALT-HRS 370-890 15,000, 40,000, 65,000
Lijiang Observatory in China CES [30] 570-1030 37,000

6. Discussions and Outlook

In this review, we provided a general overview of the echelle spectroscopic technol-
ogy. We discussed the characteristics of the echelle, the optical layout strategies, the key
parameters of detection, the calibration methods, and the applications in commercial and
astronomical instruments. Compared with the scanning-based spectrometers using com-
mon blazed gratings, echelle spectrometers have remarkable advantages. They have high
spectral resolution and large optical throughput within the full spectral range. Such charac-
teristics ensure the compact optical size and high-speed spectral analysis. These capabilities
make the echelle spectrometer an appealing tool for identifying fine chemical compositions
in the civilian field and studying celestial bodies in astronomy.

Commercial instruments pursue high performance at a low cost. The products need
to meet the requirements of applications at an available price that most users can afford.
The spectral resolution of a few picometers from ultraviolet to near infrared light is pro-
pitious for identifying metals and their isotopes. Higher spectral resolutions have fewer
applications but higher costs. The current echelle spectrometers are still expensive due to
the optics and the area array detector. The improvement of the optical fabrication technique
for the echelle itself and the non-spherical mirrors is the key to reducing the price of optics.
As for the detector, large-area, highly sensitive, and broadband CCDs or CMOSs are rapidly



Appl. Sci. 2022,12, 11042

13 0f 18

References

developing, but it is hard for the cost to drop in a short time. Therefore, the echelle cross
dispersive technique is still only available in advanced equipment. On the other hand,
the volume of spectrometers with echelles is too large to be portable. The development of a
low-cost and portable device is the direction of the spectrometer of echelles.

For astronomical spectrometers, an extremely high performance is required, and the
budget is usually adequate. So, the optics are much more complicated than those of
commercial spectrometers, and the optical system consists of many lenses instead of a few
mirrors. The highest obtainable spectral resolution is proportional to the grating size and
even the instrument volume. Although the cost of optics is not a main limitation for the
perfect optical performance, the volume influences the total budget and building difficulty
greatly in the thermal IR because the price of the cooling vacuum container holding the
spectrometer rises sharply as the volume increases [121]. An immersed echelle is a solution
to reduce the size. It is an echelle in which the optical pass is filled up with high-refractive-
index (n) material. For a given grating size, the immersed echelle has an n-fold increase
in resolving power compared with the common echelle [121-123]. At some observatories,
both the echelle and the immersed echelle are used in the spectrometer to observe different
wavebands [124,125].

In the future, the echelle and cross-dispersion will continue to serve as a significant
platform for the spectrometer family. It holds the promise of more applications in en-
vironmental monitoring, mineral exploration, metallurgy, biomedicine, and other fields.
Furthermore, echelle spectrometers in various observatories around the world will be used
to explore more diversified scientific discoveries.

7. Conclusions

Echelle grating provides high spectral resolving power and high diffraction efficiency
in the broadband wavelength range by the Littrow mode. The spectrometer with a cross-
dispersed echelle scheme achieves a two-dimensional spatial distribution of the spectrum
by one exposure without scanning in the broadband spectral range. It is the fastest and
most sensitive spectroscopic technology as of now, and it has been extensively applied
in commercial and astronomical spectrometers. In the future, the echelle will have more
applications in many fields.
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