
Optics Communications 457 (2020) 124716

Contents lists available at ScienceDirect

Optics Communications

journal homepage: www.elsevier.com/locate/optcom

Effect of the changes in refractive index of air on grating diffraction
wavefront
Xiaotao Mi ∗, Shanwen Zhang, Xiangdong Qi, Haili Yu, Hongzhu Yu, Yu Lin, Xuefeng Yao,
Sibo Jiang, Jingxuan Zhou
Grating Technology Laboratory, Changchun Institute of Optics and Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun, Jilin 130033, China

A R T I C L E I N F O

Keywords:
Gratings
The refractive index of air
Grating diffraction wavefront error

A B S T R A C T

Reduction of groove errors on the grating wavefront caused by the refractive index of air is a critical issue
in ruling grating fabrication when using an interferometer to provide position feedback. We establish a
mathematical model of the relationship between the grating wavefront and the refractive index of air. We
then introduce two methods to measure the air’s refractive index, analyze the effects of temperature, pressure
and humidity on the grating wavefront, and use the advantages of the two methods to obtain the groove
error compensation value. Comparative ruling experiments prove that grating wavefront quality is significantly
improved after compensation of the groove errors caused by the refractive index of air.

1. Introduction

The excellent functions of gratings, including dispersion, polariza-
tion and phase matching, have led to strong demand for these elements,
with particularly high demand for high-quality, large-sized gratings
in fields ranging from spectral analysis [1,2] to lasers [3,4], optical
communications [5,6] and pulse compressors [7,8]. The interference
method and mechanical ruling method are the main methods for fab-
ricating master gratings. The interference methods include the laser
beam interferometry using large size writing beams, which has been
adopted to fabricate multilayer dielectric reflection grating with a
diameter of up to 1 m by Lawrence Livermore National Laboratory
(LLNL) [9], and the scanning beam interferometry using two small
writing beams interfering on the substrate, which has been adopted to
fabricate a 910 mm × 420 mm grating by Plymouth Grating Laboratory
(PGL) [10]. The mechanical ruling method is the most important way
to produce gratings that have deep grooves and strict shapes, such as
echelle gratings and infrared laser gratings [11,12].

Ruling engines are used to fabricate the master gratings, and ruling
engine development has been performed for more than a century, but
the pursuit of higher precision ruling engines has never stopped [13–
15]. The early grating ruling engines, and most of the later engines,
were operated under open loop control conditions [16,17]. The ac-
curacy of these engines is dependent on the mechanical accuracy of
the important components and the engine assembly accuracy. In 1915,
Michelson at the University of Chicago proposed control of the groove
position using an interferometer. The laser interferometer, with its very
high resolution, noncontact sensing capability, high stability, and high
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update rate, is the first choice for feedback equipment in the position
servo loop of closed-loop-controlled ruling engines. In 1955, Harrison
and Stroke put Michelson’s suggestion of a servo system controlled
by an interferometer into practice, and the ruling engine thus entered
the era of closed-loop control; the grating groove positions were then
determined based on the wavelength of the light and the accuracy and
quality of the ruled grating improved significantly [18].

The variation in the refractive index of air due to the effects of
temperature, pressure and humidity will cause wavelength variations,
which in turn will affect the quality of gratings. For the grating fab-
ricated by the interference method, the wavelength variations of the
interference beam will cause changes in the grating groove density.
For the scanning beam interference method using two small writing
beams and mechanical ruling method, the laser interferometers are
required as measurement and feedback components for high-precision
stages, so the wavelength variations of the measuring beam will cause
groove position errors. Therefore, the above methods for fabricating
the gratings all require strict control of the change in refractive index
of air.

Internationally, well-known closed-loop controlled ruling engines
include the MIT-C engine, which is currently the largest ruling engine
in the world and is able to rule blanks with dimensions of up to
450 mm × 650 mm × 125 mm [19], and the Hitachi-4 engine, which
has ruled gratings with density of 10 000 grooves/mm [20]. In the
MIT-C ruling engine system, the temperature variation of the ruling
room is controlled to be better than ±0.005 ◦C, and pressure corrections
are introduced automatically using a simple electrical analog com-
puter [19]. The main part of the Hitachi-4 ruling engine is installed
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in a room with temperature stability of ±0.01 ◦C [20]; a wavelength
compensation interferometer is used to measure any changes in the
atmospheric conditions that affect the laser light wavelength, and the
groove error caused by changes in the refractive index of air is then
corrected in real time. However, there are no relevant publications in
the literature that describe the effects of changes in the refractive index
of air on the gratings.

In this work, we present a systematic study of the relationship
between changes in the refractive index of air and the resulting grating
diffraction wavefront error with a focus on improving the grating
diffraction wavefront quality. We derive a mathematical model of the
relationship between the grating wavefront and the refractive index of
air. We then introduce two methods to measure the refractive index of
the air, use the Edlen equation to analyze the effects of temperature,
pressure and humidity on the grating wavefront, and we then make
full use of the advantages of the two measurement methods to obtain
a compensation value for the groove error. Finally, we prove experi-
mentally that correction for changes in the refractive index of air can
improve the grating diffraction wavefront significantly.

2. Mathematical model of changes in the refractive index of air
and the grating diffraction wavefront error

The accuracy of ruling engine operation and surface errors on the
grating blank are the two main factors that affect the grating groove
position error. The grating ruling engines use laser interferometers as
feedback elements and the groove positions are determined relative to
the laser wavelength. Changes in the refractive index of air will affect
the laser light’s wavelength, which in turn affects the groove position
errors and the grating performance. The relationship between the laser
light wavelength at any time and the laser light wavelength under
vacuum conditions can be written as:

𝑛𝑐 × 𝜆𝑐 = 𝑛𝑡 × 𝜆𝑡 (1)

where 𝑛𝑐 is the vacuum refractive index, 𝜆𝑐 is the laser light wavelength
under vacuum conditions, 𝑛𝑡 is the refractive index of the air at time t,
and 𝜆𝑡 is the laser light wavelength when the refractive index is 𝑛𝑡.

According to the displacement measurement principle of the laser
interferometer, the measured displacement can be given by [21]

𝑙 = 𝜆
4 ∫

𝑡

0
𝛥𝑓 ⋅ 𝑑𝑡 = 𝑁 𝜆

4
× 1

1024
(2)

where 𝜆 is the laser light wavelength and N is the pulse count value.
We use the laser light wavelength under vacuum conditions as the

reference wavelength. From Eqs. (1) and (2), the groove position error
caused by the refractive index 𝑛𝑡 at any time t can be calculated as
follows:

𝛥𝑙𝑡 = 𝑙𝑐 − 𝑙𝑡 = (𝑛𝑡 − 𝑛𝑐 ) ⋅ 𝑙𝑡 (3)

where 𝛥𝑙𝑡 is the groove position error caused by the refractive in-
dex of air 𝑛𝑡, and 𝑙𝑡 is the displacement measured using the laser
interferometer when the refractive index of air is 𝑛𝑡.

The slow and irregular nature of the change in the refractive index
of air means that it will mainly affect the diffraction wavefront of
the grating. To simplify the analysis, we make the following two
assumptions: (1) the plane of the grating blank is flat and thus does
not affect grating performance; (2) the distance from the point on the
metal film to the ideal ruling plane before the grating is ruled is the
same as the distance from the corresponding point in the actual groove
shape to the ideal groove shape after the grating is ruled. Based on the
assumptions and analysis above, we ignore the detailed groove shape
of the grating for simplicity, and the grating groove errors will then
produce the optical path difference shown in Fig. 1. In the main section
of the grating, monochromatic light at a wavelength of 𝜆 is incident on
the grating surface to be measured, where the angle of incidence on
the grating is denoted by 𝛼 and the diffraction angle of the grating

Fig. 1. Schematic of optical path difference due to the changes in the refractive index
of air.

is denoted by 𝛽. The grating groove direction is in the y direction
(which lies perpendicular to the plane of the paper), and the optical
path difference produced by the groove position error can be given as

𝛿𝑟 = 𝛿𝑟1 + 𝛿𝑟2 = 𝛥𝑙𝑡 ⋅ (sin 𝛼 + sin 𝛽) (4)

The grating diffraction equation is given as follows:

𝑑 ⋅ (sin 𝛼 + sin 𝛽𝑚) = 𝑚 ⋅ 𝜆 (5)

where d is the grating constant, 𝛽𝑚 is the mth-order diffraction angle, m
is the grating diffraction order and 𝜆 is the incident light wavelength.

By combining Eqs. (3)–(5), the diffraction wavefront error of the
grating can then be written as

𝛥(𝑚) = (𝑛𝑡 − 𝑛𝑐 ) ⋅ 𝑙𝑡 ⋅ (cos 𝛼 + cos 𝛽𝑚) (6)

3. Measurement of the changes in the refractive index of air

3.1. Indirect measurement method

The indirect measurement method is used to obtain the changes
in the refractive index of air from the empirical equation and the
measured values of the temperature, pressure and humidity. In this
paper, we use the latest version of the Edlen equation to calculate the
refractive index of air [22–25].

The improved dispersion formula for standard air at 1 atm, 20 ◦C,
and 0.04% carbon dioxide content was given as:

(𝑛 − 1)𝑠 ⋅ 108 = 8091.37 + 2333983
130 − 𝜎2

+ 15518
38.9 − 𝜎2

(7)

where 𝜎 is the vacuum wavenumber in μm−1.
The following expression was used to determine the refractivity of

air when containing x parts by volume of carbon dioxide:

(𝑛 − 1)𝑥 = [1 + 0.5327 ⋅ (𝑥 − 0.04%)] ⋅ (𝑛 − 1)𝑠 (8)

The refractivity of standard dry air at temperature T and atmo-
spheric pressure p is given as:

(𝑛 − 1)𝑡𝑝 =
(𝑛 − 1)𝑥 ⋅ 𝑝
93214.60

⋅
1 + 10−8 ⋅ (0.5953 − 0.009876 ⋅ 𝑇 ) ⋅ 𝑝

1 + 0.0036610 ⋅ 𝑇
(9)

To determine the difference between the refractive index of moist
air containing a partial pressure f of water vapor and that of dry air at
the same total pressure, the following revised expression was obtained:

𝑛𝑡𝑝𝑓 − 𝑛𝑡𝑝 = −𝑓 ⋅ (3.8020 − 0.0384 ⋅ 𝜎2) ⋅ 10−10 (10)

The pressure f of the water vapor is the partial pressure generated
by the water content in the air. The humidity sensor that we used in
the experiments measures the relative humidity h in the air rather than
the water vapor pressure f. The relative humidity h is the ratio of the
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Fig. 2. Effects of air temperature, pressure and humidity on the refractive index. (a) Temperature; (b) pressure; (c) humidity; and (d) carbon dioxide content.

water vapor pressure f to the saturated vapor pressure F at the same
temperature and it can be expressed as:

ℎ =
𝑓
𝐹

× 100% (11)

Eqs. (7)–(11) can be combined to allow the refractive index of air
to be written as:

(𝑛 − 1)𝑡𝑝𝑓 =
10−8 ⋅ [1 + 0.5327 ⋅ (𝑥 − 0.04%)] ⋅ 𝑝

93214.60

⋅(8091.37 + 2333983
130 − 𝜎2

+ 15518
38.9 − 𝜎2

)⋅

1 + 10−8 ⋅ (0.5953 − 0.009876 ⋅ 𝑇 ) ⋅ 𝑝
1 + 0.0036610 ⋅ 𝑇

−ℎ ⋅ 𝐹 ⋅ (3.8020 − 0.0384 ⋅ 𝜎2) ⋅ 10−10

(12)

The operating wavelength 𝜆 of the dual-frequency laser is 632.8 nm,
and the wavenumber 𝜎, which is the reciprocal of the wavelength, is
(1/0.6328) μm−1; the saturated vapor pressure F at 20 ◦C is 2338.43 Pa.
Based on Eq. (12), we studied the effects of the temperature, pressure,
humidity and carbon dioxide content of the air on the refractive index,
and the results are presented in Fig. 2. Fig. 2(a) shows the effect of the
air temperature on the refractive index when p is 1 atm, x is 0.04%, and
h is 20%; Fig. 2(b) shows the effects of the pressure on the refractive
index when T is 20 ◦C, x is 0.04%, and h is 20%; Fig. 2(c) shows the
effects of the humidity on the refractive index when T is 20 ◦C, p is 1
atm and x is 0.04%; Fig. 2(d) shows the effects of the carbon dioxide
content on the refractive index when T is 20 ◦C, p is 1 atm, and h is
20%. For ease of analysis, we make the following two assumptions: (1)
the changes in temperature, pressure, humidity and CO2 content are
uniform; and (2) the dead path length is 36 mm. The refractive index
change values shown in Fig. 2 were inserted into Eq. (6) to calculate
the diffraction wavefront error of an echelle grating with a dimension
perpendicular to the grooves of 500 mm, a blazed order of −36 and a
groove density of 79 grooves/mm; the calculation results are listed in
Table 1.

As shown by the results in Fig. 2 and Table 1, if uncompensated,
the wavefront error of the echelle grating will vary by 0.0873𝜆 per ◦C,
0.511𝜆 per 20 hPa pressure change, 0.0166𝜆 per 20% change in rela-
tive humidity, and 0.0014𝜆 ppm per 0.01% change in carbon dioxide
content. To obtain a high-quality ruled grating, we must compensate
for the groove errors caused by the changes in the refractive index of
air.

The temperature, in addition to affecting the changes in the re-
fractive index of the air, also affects the deformation of the ruling
engine components, which thus also affects the grating groove errors.
Therefore, strict temperature control is required when ruling gratings
and the temperature fluctuation of the core ruling area is expected to
be better than ±0.01 ◦C.

In recent decades, the rapid increase in the population and rapid
industrial development means that the carbon dioxide produced by
breathing and by the combustion of coal, oil and natural gas has caused
the carbon dioxide content of the atmosphere to increase. However, the
carbon dioxide content takes tens of years or more to change by 0.01%,
and we thus believe that the carbon dioxide content does not change
during 10 days of grating ruling experiments. Even if the carbon dioxide
content did change by 0.01%, the results in Table 1 show that the effect
on the grating wavefront is very small. Therefore, we do not consider
the effect of the carbon dioxide content on the grating wavefront in this
paper.

The indirect measurement method is mainly based on the empirical
formula, and the disadvantage of this approach is that while the method
can compensate for variations in the air temperature, pressure, and
humidity, it fails to detect index changes caused by excess CO2, oil
vapors, the operator, and other sources.

3.2. Direct measurement method

In contrast to the indirect measurement method, which requires an
empirical formula, a method that uses a wavelength tracker to obtain
the changes in the refractive index is called the direct measurement
method. The wavelength tracker shown in Fig. 3 uses a differential
interferometer to measure changes in the distance between the mirrors
at the two ends of a Zerodur bar. Because Zerodur has an ultra-
low coefficient of thermal expansion and the temperature of the core
ruling area is strictly controlled, the measured dimensional changes are
caused entirely by the changes in the refractive index.

From Eqs. (1)–(3), the values of the change in refractive index 𝛥𝑛𝑡
acquired by the direct measurement method can be written as

𝛥𝑛𝑡 = −
𝑛20 ⋅ 𝛥𝑑𝑡

𝑛𝑐 ⋅ 𝑑𝑐 + 𝑛0 ⋅ 𝛥𝑑𝑡
(13)

where 𝑛0 is the initial refractive index value, 𝛥𝑑𝑡 is the change in the
distance between mirrors at the two ends of the Zerodur bar, and 𝑑𝑐 is
the calibrated length of the Zerodur bar.

3



X. Mi, S. Zhang, X. Qi et al. Optics Communications 457 (2020) 124716

Table 1
Effects of the refractive index change values shown in Fig. 2 on the diffraction wavefront error of an echelle grating
with dimensions of 400 mm × 500 mm, a blazed order of −36 and a groove density of 79 grooves/mm.

Parameter T p h 𝐶𝑂2

Variation range 20 ∼ 21oC 990 ∼ 1010 hpa 10 ∼ 30% 0.03 ∼ 0.04%
The peak to valley (PV) value of 𝛥n 9.1361 × 10−7 5.343 × 10−6 1.7316 × 10−7 1.422 × 10−8

The peak to valley (PV) value of 𝛥(m) 0.0873𝜆 0.511𝜆 0.0166𝜆 0.0014𝜆

Fig. 3. Wavelength tracker.

However, the disadvantage of this method is that the wavelength
tracker can only obtain changes in the refractive index relative to its
initial value and cannot give the absolute refractive index value.

3.3. The method that was used in the CIOMP-6 ruling engine

The CIOMP-6 ruling engine takes full advantage of both of the
above methods to achieve real-time compensation for groove errors
caused by the refractive index of air. Specifically, the indirect mea-
surement method is used to obtain the initial refractive index value 𝑛0
from Eq. (12) and the direct measurement method is used to measure
the value of the change 𝛥d𝑡 in the distance between mirrors at the two
ends of the Zerodur bar at any time t, which means that the refractive
index 𝑛𝑡 at any time t is then given by

𝑛𝑡 = 𝑛0 + 𝛥𝑛𝑡 (14)

From Eqs. (3) and (14), to eliminate the effect of the refractive index
change on the gratings, the correction for the groove position errors can
be calculated as:

𝛥𝑙𝑡 = (𝑛0 + 𝛥𝑛𝑡 − 𝑛𝑐 ) ⋅ 𝑙𝑡 (15)

By taking Eq. (15) into Eq. (6), the diffraction wavefront of the
grating can then be expressed as:

𝛥(𝑚) = (𝑛0 + 𝛥𝑛𝑡 − 𝑛𝑐 ) ⋅ 𝑙𝑡 ⋅ (cos 𝛼 + cos 𝛽𝑚) (16)

4. Ruling results

4.1. Before the correction of the groove errors caused by the refractive index
of air

Before the environment of the CIOMP-6 ruling engine was strictly
controlled and the groove errors caused by changes in the refractive
index of air were compensated, we ruled a 75 mm × 150 mm echelle
grating with a groove density of 79 grooves/mm and monitored the
variation in the environment during grating ruling with temperature,
pressure, and humidity sensors and the wavelength tracker. As shown
in Fig. 4, the pressure change trend is consistent with the trend ob-
served in the measured data using the wavelength tracker, which
indicates that pressure plays a major role in the refractive index change
under current environmental change conditions.

By combining the data given in Fig. 4 with Eqs. (12)–(14), we can
use the indirect measurement method and the method that was used
in the CIOMP-6 ruling engine to obtain the refractive index values as
shown in Fig. 5. Fig. 5 shows that the refractive index changes obtained
using the two methods are consistent and also confirms that the trend
in the curves shown in Fig. 5 is similar to the trend shown in the

Fig. 4. Variation of the ruling environment during ruling of the 75 mm × 150 mm echelle grating. (a) Wavelength tracker data; (b) temperature; (c) pressure; and (d) humidity
data.
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Fig. 5. Effect of changes in the refractive index of air on the diffraction wavefront
during ruling of the 75 mm × 150 mm echelle grating.

Fig. 6. Calculated curves of the wavefront of the 75 mm × 150 mm echelle grating
at the diffraction order caused by the refractive index of air.

measurement data from the wavelength tracker and the trend of the
pressure curve in Fig. 4.

We take the data for the refractive index of the air obtained via
the direct and indirect measurement methods, as shown in Fig. 5,
into Eq. (16) and obtain the curve and the opposite curve for the

Fig. 7. Wavefront error of the 75 mm × 150 mm echelle grating at the diffraction
order.

wavefront of the 75 mm × 150 mm echelle grating diffraction order
(−36th), as illustrated in Fig. 6. Fig. 6 shows the calculated PV value
of wavefront of the ruled grating at the diffraction order is 0.4773𝜆
(where 𝜆 = 632.8 nm). As shown in Fig. 7, the measured PV value
of the grating wavefront profile at 632.8 nm for a blazed order of
−36 is 0.498𝜆 . Comparison of Fig. 6 with Fig. 7 shows that the
calculated PV value and the opposite curve of the echelle grating
wavefront obtained from the measured data and the measured PV
value and the surface/wavefront profile curves of the echelle grating

Fig. 8. Variation in the ruling environment during ruling of the 300 mm × 470 mm echelle grating. (a) Wavelength tracker data; (b) temperature; (c) pressure; and (d) humidity
data.
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Fig. 9. Effect of changes in the refractive index of air on the diffraction wavefront
during ruling of the 300 mm × 470 mm echelle grating.

Fig. 10. Calculated curves of the wavefront of the 300 mm × 470 mm echelle grating
at the diffraction order caused by the refractive index of air.

are similar, respectively, thus indicating that the grating wavefront is
mainly affected by changes in the refractive index.

4.2. After the correction of the groove errors caused by the refractive index
of air

After the temperature of the room in which the ruling engine is
located is strictly controlled, the groove errors caused by the refractive
index changes were compensated in real time, and we ruled a 300 mm
× 470 mm echelle grating with a groove density of 79 grooves/mm. The
data that were measured using the wavelength tracker and the temper-
ature, humidity, and pressure sensors during grating ruling are shown
in Fig. 8. Fig. 8(a) and (c) show that the consistency of the pressure
trend and the wavelength tracker data indicate that the refractive index
change is mainly affected by the air pressure. Fig. 8(b) shows that the
fluctuation in the core ruling area is better than ±0.04 ◦C.

We take the data from Fig. 8 into Eqs. (12)–(14) to obtain the
refractive index curves shown in Fig. 9, where the red solid line and the
black dashed line represent the refractive index measured by the direct
measurement method and that measured by the method we used in the
CIOMP-6 ruling engine, respectively. The results in Fig. 9 show that
the refractive index data obtained by these two methods is perfectly
matched. Comparison of Figs. 8 and 9 shows that the trend of the
refractive index change is consistent with the trends in the pressure
and the wavelength tracker, thus indicating that the refractive index is
mainly affected by the air pressure during grating ruling.

By combining the air refractive index data obtained by the direct
and indirect measurement methods with Eq. (16), we obtain the curve
and the opposite curve of the wavefront of the 300 mm × 470 mm
echelle grating at the diffraction order (−35th), as shown in Fig. 10.

Fig. 11. Wavefront error of the 300 mm × 470 mm echelle grating at the diffraction
order.

Fig. 10 shows that the calculated PV value of ruled grating wavefront
at the diffraction order is 1.0618𝜆 (where 𝜆 = 632.8 nm). Fig. 11
shows that the measured PV value of the wavefront profile of the
grating at 632.8 nm at a blazed order of −35 is 0.174𝜆. Comparison
of Figs. 10 and 11 shows that the refractive index profile obtained
from the measured data and the surface/wavefront profile curve of the
grating are not similar, while the PV value of the wavefront profile is
significantly reduced after compensation of the groove errors caused by
the refractive index.

5. Conclusions

To reduce the effects of groove errors caused by the refractive index
of air on the wavefront of a ruled grating, we studied the relationship
between the refractive index of air and the grating wavefront system-
atically. We have established a mathematical model of the relationship
between the refractive index of air and the grating wavefront. We then
introduced two methods to measure the refractive index of the air,
used the Edlen equation to analyze the effects of temperature, pressure
and humidity on the grating wavefront, and used the advantages of
the two measurement methods to obtain the compensation value for
the groove error. Before and after compensation of the groove errors
caused by the refractive index change, we separately ruled two echelle
gratings. Comparison of the wavefront values based on the refractive
index data with the measured wavefront values of the gratings indicate
that compensation of the groove errors caused by the refractive index
change significantly improves the grating diffraction wavefronts.
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