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Characteristics of the spectral lines of immersion gratings
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Abstract: Immersion gratings are typically used in the infrared spectral band in which optical materials with high
refractive index. Some issues inevitably arise due to their special operating mode. And they are critical to the appli-
cation of immersion gratings. This study investigated the relations between the lengths of the long- and short-wave
of normal gratings. For the features of the relevance of the refractive index with wavelength, the short-wave infra-
red spectral band (1.5 ~2.5 wm) was taken as an example to analyze the change characteristics of spectral line lo-
cation and spectral resolution of immersion gratings. Results showed that when immersion gratings were adopted,
significant differences were observed in the distribution of spectral lines as compared with normal gratings, and
“trapezoidal” spectral lines tilted. For short-wave infrared spectral lines, the inclination of the “trapezoidal” spec-
tral lines became more apparent due to larger changes in the refractive index of the medium. When Littrow condi-
tions were registered with long-wave length (2.5 wm) , the spectral line tilted toward the short-wave end. When
registration was done with short-wave length (1.5 um) , the spectral line tilted toward the long-wave end, and the
Littrow wavelength drifted away from the central wavelength. The refractive index had a few changes at the thermal
infrared spectral band. The tilt of “trapezoidal” spectral lines was smaller and more similar to that of normal grat-
ings. The spectral resolution of immersion gratings varied due to changes in the refractive index. At the same or-
der, the wavelength increased, and resolution increased; between various orders, the order decreased, and the res-
olution decreased. Meanwhile, considering that the high-order resolution was larger than the low-order’ s, the ratio

of the lengths of spectral lines at various orders no longer meet the relation of normal gratings.
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Introduction

In aerospace applications, especially those tasks for
monitoring the Earth’ s atmospheric composition, the use
of instruments with ultrahigh spectral resolution is often
necessary to measure the scattering and transmission
spectra of the Earth’ s atmosphere''?’. The grating spec-
trometers, such as SCIAMACHY and TROPOMI, are ex-
tensively applied due to its high resolution and wide

[45] . . .
range of spectral bands™™”’. The immersion gratings can
substantially increase angular dispersion in comparison
with normal gratings'® | thus significantly reducing the
size of grating and equipment, or significantly increasing
spectral resolution under the premise of maintaining the
existing volume of grating.
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—

Fig. 1 Structure chart of immersion gratings

K1 BAREE I

The structure chart of immersion gratings is shown
in Fig. 1. The main difference between immersion grat-
ings and normal gratings (n = 1, n is the refractive in-
dex of the medium) is that the refractive indexes of the
media. As an example, for common materials of infrared
spectral bands, such as silicon and germanium, the re-
fractive indexes of them are 3.4 and 4.1, respectively.
If the same spectral resolution is reached, the volume of
immersion gratings is only 1/n° of normal gratings. Con-
versely, the spectral resolution of immersion gratings is n
times of normal gratings. The effect of shrinkage in size
or improvement in resolution is significant. Thus, the
immersion gratings are mainly used in infrared spectral
bands.

Numerous countries have invested a considerable a-
mount of manpower, material, and financial resources to
study immersion gratings for their distinct advanta-
ges' ", Consensus has been reached on the basic princi-
ples of immersion gratings, and application researches
have been extensively conducted globally'®’. Due to their

unique working modes, however, immersion gratings still
encounter a range of new problems that must be re-
searched promptly, such as the influence of medium ab-
sorption on light intensity distribution''”’. Currently, the
characteristics of the spectral lines of immersion gratings
have not been encountered in related researches. Such
problem is critical to the design and application of im-
mersion grating spectrometers. This research carried out
analysis and discussion on this problem.

1 Analysis on the characteristics of
spectral line distribution

As no dispersion occurs in the air’ s refractive index
(n=1), symmetrically distributed trapezoids for diffrac-
tion spectral lines at various orders are imaged on the
CCD focal plane when normal reflection gratings are used
(see Fig.2).
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Fig.2  Spot diagram of the wavelength selected in the
working spectral band"'"
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The relations between the lengths of long and short
waves of normal gratings working in the air are mathemat-
ically derived, as follows.

For the same equipment, the wave number intervals
of long-and-short waves are identical, with the working
spectral band of A, ~A,,,,(nm). The wave number in-

short
terval of the instrument is assumed to be N(e¢m ™), and
the sampling interval of spectra is assumed to be a(nm).

i) Pixel number when A, is classified

number of A

The corresponding wave s 18
10’ :
m, and the corresponding wave number of A,
short \ 111
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Considering that 107 > A
(nm), so
M, NN, (nm) N, (nm)

M TN () N ()Y

short
Note that the computational analysis in this case is
based on derivation under ideal conditions. In practical
engineering applications, the relations of spectral line

long ( nm ) ’ 107 > /\shorl

Table 1 Technical index of Spectrometer
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lengths obtained on the CCD focal plane do not strictly
comply with the ratio of A} /A’

long short

due to the nonlineari-
ties of grating dispersion and other reasons. This problem
will be studied and presented in a subsequent work.

The design of the spectrometer based on the techni-
cal index presented in Table 1 is taken as an example to
analyze the variation in the distribution of immersion grat-
ings in relation to normal gratings working in the air.
1.1 Distribution of grating spectral lines working in
the air

Figure 3 presents the spectral line distribution on
CCD when normal gratings are adopted under the spectral
band of 1.5 ~2.5 wm and working series of the 180" or-
der (1.5 wm) to the 108" order (2.5 pm). Clearly,
the diffraction angles for the central wavelengths under all
orders are all 63.5°. The diffraction angle at the long-
wave end gradually decreases as the order increases (the
wavelength decreases ). The diffraction angle at the
short-wave end gradually increases as the order increases
(and the wavelength rises). Theoretically, the ratio of
the spectral line length of the long-wave AB (i.e., 2.5
pwm, the 108" order) and the spectral line length of the
short wave CD (i.e., 1.5 pwm, the 180" order) meets
the proportional relation derived in Eq. 4.
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Fig.3 Distribution of the spectral lines of normal gratings

K3 EEEHHELTE CCD b

AB _ Ay

€D Ay

1.2 Spectral line distribution of immersion gratings

When the light is dispersed by immersion gratings,

dispersion occurs inside the immersion medium. The

Cauchy dispersion formula reveals that the refractive in-

dex is a function of the wavelength, where a, b, and ¢

are the values which differ according to the substance ex-
amined.

2 2
2.5 X
= _— :277 . 5
[1.8 ()

b c
n(/\)=a+P+P . (6)

This study takes Si as grating material for which the
refractive index distribution curve of 1.5 ~2.5 pum spec-
tral bands at normal temperature is shown in Fig. 4.

) working spectral band  series free spectral range blaze angle of gratings  grating constant pixel size spectral resolution focal length
roject
pre) wm order em ™! mm mm nm/2pix mm
index parameters 1.5~2.5 180 ~ 108 40 63.5 0.043 903 146 0.05 0.1 90.69
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Fig.4 Refractive index of Si (1.5 ~2.5 pum)
E4 BRI (1.5~2.5 pm)

The case presented in Fig. 5 differs from that in Fig.
3, as shape of the spectral line on the CCD focal plane
twists. When the Littrow condition is registered by the
108" order (2.5 wm), as shown in Fig. 5, the green
spot of each order represents the diffraction angle of the
short-wave end, the red spot represents the diffraction
angle of the central wavelength, and the blue spot repre-
sents the diffraction angle of the long-wave end. Lines
connecting the spots of different colors indicate the dif-
fraction angle distribution of the short-wave end wave-
length, central wavelength, and long-wave end wave-
length of each order from the 108" order to the 180"

order.
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Fig.5 Spectral line distribution of immersion gratings
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Figure 5 shows the spectral line distribution of im-
mersion gratings. EF is the spectral line length of the
long wave (i.e., 2.5 pum, the 108" order) and GH is
the spectral line length of the short wave (i.e., 1.5
wm, the 108" order). Moreover, the “trapezoid” of the
spectral line tilts.

The following conclusions can be drawn based on
the figures presented in this study.

(1) Considering the changes in the refractive index
with the wavelength, when Littrow conditions are regis-
tered by the 108" order (2.5 wm) , the spectral lines of
each order gradually drift toward the short-wave end.
Similarly, when Littrow conditions are registered by the
180" order (1.5 wm) , the spectral lines of each order
gradually drift toward the long-wave end.

(2) When the central wavelength of the 108" order
meets Littrow conditions, the central wavelength of each

order progressively deviates from such conditions. Fur-
thermore, the wavelength that meets Littrow conditions
gradually increases. At the 135" order, the wavelength
that meets Littrow conditions is the wavelength of the
long-wave end. For a higher order, all wavelengths in
the spectral bands of such order deviate from Littrow con-
ditions. At this point, the diffraction efficiency is low-
ered.

(3) The spectral line length of the order for the
shortest wavelength (i.e., 1.5um, the 180" order in
this study) increases, and no longer complies with the

condition of [ A, /A, ], and turns into EF/GH =

long
1.7 due to changes in the refractive index. This propor-
tion is associated with the characteristics of the refractive
indexes of the selected materials.

(4) Considering the aforementioned condition of
spectral line drift, the number of spectral dimensional
pixel must increase, and some blank pixels should be re-
served when the CCD is selected.
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Fig.6 Refractive index of Si (1.2 ~14 pum) "%
F6 RERHTHR(1.2 ~14 pm)

Figure 6 presents the refractive index curve of Si in
infrared spectral bands. In the spectral band of 1.2 ~
2.5 pm, significant changes are observed in the refrac-
tive index. For the spectral band of 2.5 ~5 pm, the
changes in the refractive index tend to flatten, and only
slight changes occur in the refractive index for the spec-
tral band of 7.5 ~ 14 pwm. The above analysis indicates
that variations in the shape of the spectral line of the de-
tector result from changes in the refractive index. In the
region where changes in the refractive index are ob-
served, e. g., in the wave band of 1.5 ~2.5 pm, as
shown in Fig 5, the “inclination” degree of the spectral
line is larger. Therefore, immersion gratings are applied
in the thermal infrared spectral band for which minimal
variation occurs in the refractive index, such as the spec-
tral band of 8 ~14 pwm. The “inclination” degree of such
spectral line will be significantly improved, similar to the
situation of normal gratings.

2 Analysis of the characteristics of im-
mersion grating spectra

Firstly, the 108" order with the central wavelength
Acof 2.5 pm was taken as an example to calculate the
influence of the refractive index on the spectral resolution
and analyze the characteristics when the wavelength in-
terval is 0.5 nm (1. e. , the detector’ s CCD interval of 5
pixels) .
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Table 2 presents the 108" order central wavelength
Agand A, +0.5 nm wavelength, as well as their refrac-
tive indexes, which are substituted into the grating dif-
fraction formal ' .

mA =d +n -+ (sinf. + sinf) , (7)
where m represents the order, A represents the wave-
length, d represents the grating constant, n represents
the refractive index, 6, represents the blaze angle of grat-

ings, and 6 represents the diffraction angle.

Table 2 108" order central wavelength A., A. + AA, and

their refractive indexes

R2 HXTERTFI108 FHDERK A, A + AL REFTHR

wavelength/ um

refractive index

2 500. 000 3.439437 1

2500.000 +0.5 3.439 4278

(a) For A =2 500.000 nm, n =3.439 437 1
108 x0.002 500 0 =0.043 903 146 x3.439 437 1
x (sin63.5° + sinf)
We derive :
0 =63.267 977 746 487 162°
A6 =0.232 022 253 512 838°
AB =0.798 049 572 662 065°
where 6 is the diffraction angle, A6 is the angle inclu-
ding of the diffraction angle and the blaze angle in the
crystal, and A6 is the angle including of the diffraction
angle and the blaze angle outside of the crystal.

(b)For A = (2500.000 +0.5) nm, n =3.439 427 8

108 x0.002 500 5 =0.043 903 146 x3.439 427 8
x (sin63.5° +sinf)

We derive ;

0=63.314 184 682 529 941°
A6 =0.185 815 317 470 059°
A0 =0.639 110 495 218 192°

Therefore ,

(1) The difference of the diffraction angles of the
two beams outside of the crystal (the angular dispersion)
can be calculated as: Af' =0.158 939 077 443 873°;

(2) The interval of the two beams on the focal
plane (the linear dispersion) ;

[ =fxtanAf =0.251 575 631 381 874 mm;

However, the theoretical value should be 5 x 0. 05
mm = 0. 25 mm. Compared with the theoretical value,
the linear dispersion increases by 0. 63% and the spec-
tral resolution increases by 0.63% .

Under a wave number interval of 40 cm™', the
108" order spectral domain is 2 487.5621 nm -2 512.
562 3 nm. Table 3 presents the short-wave end wave-
length, central wavelength, long-wave end wavelength,
and their corresponding refractive indexes.

Table 3 108™ order Ag, A, A, and their refractive indexe

R3 108H A, A, A, REHITHE

wavelength/ pum

refractive index/ %

2487.562 1 3.439671 5
2 500. 000 3.439437 1
2512.562 3 3.439204 0

Ag and A, are calculated using the same methods

(see Table 4 for results).

Table 4 108" order A, A., A, and the changes in their

spectral resolutions
R4 18 F/ A, A, A, REXIESWRTL
wavelength/ pum

changes in spectral resolution/%

A2 487.562 1 ~2.84
A2 500.000 0 +0.63
A,2512.5623 +5.11

Fig. 7 presents the changes in the spectral resolution
with the wavelength in the 108" order spectral domain.

6.0
50T
4.01
3.0r
201
1.0:

0
-1.0
-2.0

variation of resolution/%

2.4975 2.5025 2.5075

wavelength/pum

-3.0 .

2.4875 2.4925 2.5125
Fig.7 Trend of changes in the spectral resolution of the
spectral band of the 108™ order
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In the spectral band of the 108" order, negative val-
ues appear in the region where the wavelength lies. At
this point, the spectral resolution is smaller than the the-
oretical value, 1. e., the linear dispersion on CCD is
smaller than 0.25 mm. The spectral resolution increases
as the wavelength rises. Zero value appears at the posi-
tion of 2 498 nm. Thereafter, the spectral resolution con-
tinues to increase.

Similarly, the trend of the changes in the spectral
resolution of the 135" order and the 180" order can be
obtained, as shown in Fig. 8.

Analysis of Figs. 7-8 show that at the same order,
the spectral resolution increases with the rise in the wave-
length, and the trend of changes approximates linearity.

The changes in the spectral resolutions of Ag, A,
and A of various orders are shown in Fig.9. With an in-
crease in the order (decrease in wavelength) , the spec-
tral resolution shows a rising trend, and the three curves
exhibit linearity. The trend of changes in the spectral
resolution and in the refractive index are similar. That
is, the longer the wavelength, the slower the changes in
the refractive index. In addition, the increment in the
spectral resolution is also decreasing and even displays
negative growth.

3 Conclusion

In this research, analysis of the distributional charac-
teristics of immersion grating spectra is conducted. In ad-
dition, the derivation of the relation between the lengths
of the long- and short-wave ends of normal gratings was
explored. Hence, this study suggests the following:
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variation of resolution/%
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Fig. 8 Trends of changes in the resolution of the spectral
bands of the 135" order (a) and the 180th order(b)
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Fig.9 Changes in the spectral resolutions of Aq, A, and A
of various orders
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(1) The spectral lines of immersion gratings form a
tilted trapezoid, whereas the spectral lines of normal re-
flection gratings appear to be a symmetrical trapezoid un-
der ideal conditions. When Littrow conditions are regis-
tered by the 108" order (2.5 wm) , the spectral lines of
various orders gradually drift toward the short-wave end.
When Littrow conditions are registered by the 180" order
(1.5 wm), the spectral lines of various orders gradually
drift toward the long-wave end. Variations in the shape of
spectral lines are caused by the changes in the refractive
index with the wavelength. As the spectral lines tilt,
“blank reservation” for the edge should be fully consid-
ered when the detector is selected.

(2) Under ideal conditions, the spectral lines of

normal gratings between various orders meets the relation
of [ A,/ Ao ]’. However, given that the refractive in-
dex of immersion media decreases as the wavelength ri-
ses, the ratio of the lengths of the spectral lines between

various orders is smaller than [ A, /A, . 1%, while the

shape of their spectral lines tilts.

(3) The trends of changes in the spectral resolution
and in the refractive index are similar. The longer the
wavelength, the slower the change in the refractive in-
dex. Meanwhile, the increment in the spectral resolution
also decreases, and even displays negative growth. The
spectral resolution of immersion gratings varies according-
ly as well. At the same order, the wavelength rises, and
the spectral resolution increases; between various orders,
the order decreases (i.e., the wavelength rises), and
the spectral resolution decreases. If Littrow conditions
are registered by the 108th order (2.5 pwm) in the work-
ing spectral band, then the full spectral bands will cer-
tainly meet the requirement of spectral resolutions.

The analytical results of this study are significant to
the analysis of immersion grating spectra, the design of
spectral components, and the selection of optical system
detectors. Spectral line drift resulting from other aspects,
such as grating constant errors, blaze angle changes and
spectral calibration will be analyzed and discussed in a
future work.
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