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Abstract: In order to improve the detection accuracy of Doppler asymmetric spatial heterodyne (DASH) in-
terferometer in harsh temperatures, an opto-mechanical-thermal integration analysis is carried out. Firstly, the
correlation between the interference phase and temperature is established according to the working principle
and the phase algorithm of the interferometer. Secondly, the optical mechanical thermal analysis model and
thermal deformation data acquisition model are designed. The deformation data of the interference module
and the imaging optical system at different temperatures are given by temperature load simulation analysis,
and the phase error caused by thermal deformation is obtained by fitting. Finally, based on the wind speed er-
ror caused by thermal deformation of each component, a reasonable temperature control scheme is proposed.
The results show that the interference module occupies the main cause, the temperature must be controlled
within (204£0.05) °C, and the temperature control should be carried out for the temperature sensitive parts,
and the wind speed error caused by the part is 3.8 m/s. The thermal drift between the magnification of the
imaging optical system and the thermal drift of the relative position between the imaging optical system and
the detector should occupy the secondary cause, which should be controlled within (20+2) °C and the wind
speed error caused by the part is 3.05 m/s. In summary, the wind measurement error caused by interference
module, imaging optical system, and the relative position between the imaging optical system and the detect-
or can be controlled within 6.85 m/s. The analysis and temperature control schemes presented in this paper

can provide theoretical basis for DASH interferometer engineering applications.
Key words: Doppler asymmetric spatial heterodyne interferometer; interference module; imaging optical
system; opto-mechanical thermal integration analysis; phase error; temperature control
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1 Introduction

Doppler asymmetric spatial heterodyne (DASH)
interference spectrum technology inherits many ad-
vantages of spatial heterodyne interference spectro-
scopy™ to obtain a more significant interferometric
phase. Since the Doppler differential technology
was proposed by Englert et al in 2006, the ARROW
prototype was developed by the US Air Force labor-
atory in 20115, and the speed accuracy was 2 m/s
after indoor test. In 2015, the SWIFT-DASH proto-
type was developed by York University in Canada,
the inversion accuracy under 24~60 km wind field
can reach 3 m/s. In 2023, the wind field detection
instrument MIGHTI®, led by the United States Nav-
al Laboratory, has a wind speed detection accuracy
of 5 m/s. The DASH interferometer® developed by
Xi'an Institute of Optics and Precision Mechanics of
CAS in 2023 has an atmospheric wind speed error
of about 12 m/s. In the above wind speed detection

errors, there are all wind speed errors caused by

temperature changes, and this kind of thermal drift
error can not be ignored, so it is necessary to study
wind speed errors caused by thermal drift of DASH
interferometer.

At present, Englert et al.[” studied the interfero-
meter reference phase thermal drift, proposed a
scheme of synchronous detection of calibration
lines, and analyzed the degree of phase thermal drift
through the interferometer temperature test conclu-
sion; in Ref. [8], by taking the spatial heterodyne
interferometer as the research object, Luo Hai yan
et al. analyzed the impact of temperature change on
the performance parameters of the mirror group in
the spectrometer and each optical system compon-
ent of the interferometer assembly. The theoretical
model was validated by software simulations and
thermo-optical experiments; Fu Di et al.® analyzed
three factors, namely asymmetric amount phase dr-
ift, phase slope drift and interferogram phase drift, by
separating the factors influencing thermal stability.

The above research mainly focuses on the eval-
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uation and monitoring of various thermal stability
influencing factors of interferometer phase drift, and
discusses the thermal influencing factors of interfer-
ometer optical elements separately, without thermal
integration analysis based on the mutual thermal in-
fluence between interferometer optical components
and mechanical components, and discussion of the
influence degree of optical-mechanical thermal de-
formation of interference module and imaging optic-
al system on interference phase.

This paper is based on the operating principles
of the interference module and imaging optics sys-
tem of DASH interferometer, the thermal drift of the
interference module and imaging optical system is
discussed and analyzed according to the error re-
quirements of wind speed detection of the project.
In Section 2, the working principle of DASH inter-
ferometer is described. In section 3, the optical
mechanical thermal analysis model and thermal de-
formation data acquisition model of the interfero-
meter module and imaging optical system are de-
signed and modeled. In section 4, the thermal de-
formation and phase drift between the interference
arm elements of the interference module are effect-
ively analyzed, and the influence of the deforma-
tion of each element of the two arms on the Littrow
wavenumber, Littrow angle and optical path differ-
ence of the system is given separately and quantitat-
ively. The phase errors caused by the thermal drift
of the magnification of the imaging optics system,
and the phase drift caused by the relative positions
between the imaging optics system and the detector
are discussed, and the wind speed error caused by
the phase error is given. On the basis, a reasonable
temperature control scheme is given. In section 5,
the targeted suggestions and summary are given.

2 DAGSH interferometer principle

2.1 Working principle

The target airglow light ray enters the interfer-

ometer through the fore-optical system the light is
split into two beams of comparable intensity by a
beam-splitting prism. One reaches the grating G2
and diffracts back to the beam splitting prism, while
the other arm reaches the grating G1 and diffracts
back to the beam splitting prism. The optical path
difference between the beam returned from G2 and
the beam returned from G1 is 2Ad, and the two
beams meet at the beam splitting prism to form in-
terference fringes. Then, the interference fringes are
imaged on the detector by the imaging optical sys-

tem!®1® as shown in Fig 1.
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Fig. 1 Schematic diagram of DASH interferometer

Detector

The function of the fore-optical system is to
guide the target airglow into the interferometer with
a certain field of view, the interference module ma-
inly realizes the beam splitting and merging of the
airglow, and realizes the interference of the airglow,
and the imaging optical system mainly scales the in-
terference fringe out of the interference module into
a certain proportion to image on the detector.

The interference fringe I(x) formed™! by two
beams on the detector is shown in formula (1) :

§| (x) =
g

" (9 =2 &K

vv

"B( ) T()[1+cos (x)]d
" X # A A
L)tan LR_LP+2 d

At this time, the frequency of the interference
fringe formed by the interference of two beams of
light is shown in formula (2)®2:
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f(X)=4( L)tanL ) A A

where ¢ is the target airglow wavenumber o is Lit-
trow wavenumber, 6_ is Littrow angle, Ad is the
single optical path difference of airglow, x is the
pixel coordinate of the detector, representing optic-
al path differences, B(o) is the radiation brightness
of the incident spectrum, T(o) is the wavenumber re-
sponsivity function of the optical system, and Ry is
the magnification of the imaging optical system.

Based on the working principle of the Doppler
heterodyne interferometer and formula (1), it can be
seen that the interference phase is related to Littrow
angle, Littrow wavenumber, imaging magnification
and optical path difference. The fore optical system
will not affect the interference phase, but the optical
machine structure of the interference module and
imaging optical system will directly affect the inter-
ference phase. Therefore, this paper mainly imple-
ments the optical, mechanical and thermal integra-
tion analysis of interference module and imaging
optical system, and discusses the wind speed detec-
tion error.
2.2 Principle of wind speed measurement

The DASH interferometer mainly uses the
Fourier transform method to obtain the interference
phase, and then obtains the wind speed by interfer-
ence-based the absolute phase difference. Because
the two arms of the interferometer are fixed, the two
dimensional interference fringes are obtained with-
in a large optical path difference interval by static
interference. The interferogram consists of hun-
dreds of sampling points of optical path difference,
and the phase information at the near-point of each
optical can be obtained by Fourier transform meth-
od. The interference phase difference correspond-
ing to the frequency can be obtained through sub-
tracting the reference phase of zero wind speed from
the absolute phase in equation (1) &4

="' '0 . AA

Then the wind speed is calculated by equation

(4):

c

VE4E d

where c is the speed of light.

3 Design and establishment of inter-
ferometer model

The interferometer opto-mechanical-thermal in-
tegration analysis involves the optical system struc-
ture, mechanical structure and thermodynamic cou-
pling analysis. Through the data interaction analysis,
the heat situation of the system in the real environ-
ment was simulated. Thermal integration analysis
process is shown in Fig. 2. Firstly, the overall design
of the interferometer was given based on the DASH
interferometer principle, and the finite element mod-
el was built by importing the designed model to ana-
lysis software. The thermal analysis model was gen-
erated by adding the mechanical load and ambient
temperature of the system, the original data and de-
formation data of the thermal analysis model were
obtained. At last, the performance of the optical-me-
chanical system under different thermal loads was
discussed™.

Opto-mechanical
system design

System modeling

Environmental
temperature

Mechanical Finite element
load model

Thermal model

Displacement and
deformation of element
surface

Element temperatures
distribution

Surface

Rigid body  oformation

displacement

Refractive index

change i
Zernike

polynomial fitting
Opto-mechanical thermal analysis

Fig. 2 Flowchart of opto-mechanical-thermal integration
analysis

3.1 Parameter design of interferometer
Based on the principle of DASH interferomet-
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er, and considering the sensitivity of interference
module in interferometer system to temperature ch-
ange, the interference module was designed by us-
ing thermal compensation design®”. The beam-split-
ting prism adopts the existing product specifica-
tions. The design of field-widening prism, wedge
spacer and detector design are described in detail in
the Refs. [14-16]. The overall parameters of the in-
terferometer are shown in Table 1.

Tab.1 Index parameters of DASH interferometer

Attribute Parameter
Fore-optical system
Field of view 5.314°x4°
Clear aperture diameter 35mm
Interferometer module
Littrow wavelength/nm 557.137
Target line wavelength/nm 557.7
Groove spacing/(gr-mm™) 600
Littrow angle/(°) 9.6216
Interferometer offset/cm 1.75
Imaging-optical system
Fl# 7.35
Total length 223.5mm
Magnification 0.5899
Transmissivity 0.93
Detector
CCD pixel size/pm 13
CCD pixel number 1024

In order to verify the correctness of the inter-
ferometer system design, the interferometer model
was established in the optical analysis software
ZEMAX according to the design results. The non-
sequential mode was used for tracking simulation,
and the dot matrix light sources with the object plane
of 1000x1000 and the light source interval of
0.01 mm were set to simulate the target light source
entering the interferometer®. The interferometer

model is shown in Fig. 3, and the simulation inter-
ference fringe is shown in Fig. 4 (color online).

f Jlnterferenc
module

Front-optical system

wia1sAs reondo-buibew

Detector

Fig. 3 Main view of the interferometer
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Fig. 4 (a) Interference fringe and (b) fringe number before
fine tuning

According to formula (2), when the wavelength
of the target spectral line is 557.7 nm, the interfer-
ence fringe frequency is 1.2287. Since the detector
size is from -6.66 mm to 6.66 mm, the theoretical
interference fringe number is 16.36. From simula-
tion result in Fig.4, it can obtain not only the fringe
number, but also the fringe spectrum under differ-
ent columns. The simulation interference fringe
number is 15.61, which differs from the theoretical
number of interference fringes by 0.75 fringes. The
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error is caused by the dispersion effect of glassi?Y.
After the grating inclination is fine-tuned to 0.0015°
in the simulation, the number of interference fringes
is consistent with the theoretical value. As shown in
Fig. 5, the design results are consistent with the
design index, and the final physical diagram of the
interferometer is shown in Fig. 6.
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Fig. 6 Physical picture of DASH interferometer

Interference module and imaging optical sys-
tem are the core components of the optical machine
system of the interferometer. Although the reason-
able thermal compensation design has been adopted

to weaken the composite effect of external heat flow
on the interference module, but the thermal com-
pensation design is specifically targeted at optical
elements. Furthermore, optical materials and mech-
anical materials are different, and the changes of ex-
ternal thermal radiation flow will cause position
changes in each optical and mechanical element, re-
sulting in deviation from the design value®?4, More-
over, the spectral line drift and phase error still
exist?=4, Therefore, thermal analysis models of op-
tical and mechanical components are established
separately.
3.2 Establishment of thermal analysis model
3.2.1 Interference module

The interference module is made up of beam-
splitting prism, field-widening prism, wedge spacer
and diffraction grating. Fig. 7 shows the overall de-
sign structure of the interference module, including
the design angles between components, the optical
axis represented by the dotted line and the light be-
am represented by the solid line.

Grating 1
d‘r r
Beam J o
Splitter o
et A 1 o [
S A e P B P )
—— — @
‘ N
‘ r
|

Fig. 7 Schematic diagram of interference module. y: wedge
angle of the spacer, a: vertex angle of the field-
widening prism, n: wedge angle of the grating
spacer

The relationship between the wedge angle of
the wedge spacer, the vertex angle of the field-
widening prism and the wedge angle of the grating
spacer is given*” by formula (5), which can ensure
that the light parallel to the optical axis in the detec-
tion field of view enters the grating at a Littrow
angle through any arm
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where n is the refractive index of the field-widening
prism, m is the diffraction order, usually set as 1.
When the temperature changes, the thermal ef-
fect of the interference module comes from the
thermal changes of the refractive indexes of the
beam-splitting prism and the two arms of the field-
widening prism, and the thermal expansion of the
wedge spacer. The thermal effect will cause the
above components to deviate from the initial design,
and change the optical path difference (AL) of the
system, Littrow angle, Littrow wavenumber, and the
magnification (R;,,) of the imaging optical system,
thus affecting the interference phase and reducing
the accuracy of wind speed measurement. Assum-
ing that d; and d, are the thickness of the wedge

where n(\, Ty oc) is the relative refractive index at
the design temperature and D, D; D, E; E; Ak
is the refractive index temperature coefficient con-
stant, oy is the thermal expansion coefficient of dif-
fraction grating.
3.2.2 Imaging optical system

As the DASH interferometer belongs to local-
ized interference, the size of the actual interference
fringes formed by coherent light from two arms can
not be directly matched with the size of the detector,
so the imaging optical system needs to image the in-
terference fringes onto the detector with a certain

spacer, n, is the refractive index of the parallel bias,
t; is the thickness of the parallel bias, and the optic-
al path difference meets:

L=2 d=2(nt;+d; dy) : A A

When the environmental temperature changes,

the thermal change of the component will lead to the
thermal change of the optical path difference:

L(T)=2 d(T)=
2 T) t( T)+dyi( T) do( T)) : A A

According to formula (5), when thermal de-
formation occurs in the optical-mechanical struc-
ture of the interference module, the Littrow angle
can be regarded as being influenced by the angles of
various elements and the temperature drift of re-
fractive index of the field-widening prism, and the
Littrow wavenumber can be regarded as being af-
fected by the Littrow angle and the thermal vari-
ation of grating grooving density. Thus the Littrow
wavenumber and Littrow angle with respect to the
temperature change can be described as®*®:

5 — : . . 1
(= ( T)+:’;1rcsm n( T) sin ( T) arcsin o T)sm( (T
14 m
(D= 50D Ve | .
~ (- PGT /a1 ) . Eo T+E, T2 A
gn( T)=n(; T f;+2n(;—w Do T+D; T2+D, T +2—2TK
1
_(TZOfa
1. ,_4d
a0t

magnification (Riy,). The interference fringe size of
the interferometer can be obtained as W'cosf,, and
the theoretical imaging scaling ratio of the final ima-
ging optical system! is shown in formula (9) :

N P ;
m = — A A
R WP cos .
where N is the number of pixels, P is the pixel size,
and W' is the effective width in the diffraction direc-
tion. Thermal deformation of imaging optical sys-
tems usually includes rigid body displacement and

surface deformation. Rigid body displacement is
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caused by thermal expansion and cold contraction
deformation of external mechanical structure, and
surface deformation is caused by optical element
stress®?l. The combination of these four kinds of
thermal changes will cause magnification drift.
Therefore, when the interferometer performs wind
speed inversion by interferometric phase, the drift of
the magnification will directly affect the interfero-
metric phase. Thermal drift of imaging optical sys-
tem mainly includes two ways. Firstly, the thermal
drift of the magnification of optical system directly

affects the interference phase™:

%RVKE\RLF* R T)
B .(0=8E

L)tan LL
Rk T)
where R;(AT) is the thermal drift value of the ima-
ging magnification, and ~ ; is the phase difference
caused by the thermal drift of the magnification.
Secondly, when the temperature changes, there
will be a relative displacement between the imaging
optical system and the detector with a displacement
amount of:

_ 2@D( T) Rip |
2 MsiNsLiHo '

' A A
where D(AT) is the thermal drift value of the relat-
ive position between the imaging optical system and
the detector, Mpieq is the number of pixels of the de-
tector, Nyiew iS the number of pixels corresponding to
the single-period fringe, and - , is the phase thermal
drift value caused by the thermal change of the relat-
ive position between the imaging optical system and
the detector.

In summary, based on the above Littrow
wavenumber thermal drift value o (AT), Littrow
angle thermal drift value 6, (AT), optical path dif-
ference thermal drift value Ad(AT), and the thermal
changes and the relative position changes of ima-
ging optical system, when there is a thermal change
in the environment, the phase of the interference
changes as:

"X)=2@®@( (ot L TH)tan( L+ L( T))

X
RARA T T#)+2 (d+ d( T)+

D( T) Rer A A
Mpixel Npixel
3.3 Design and establishment of optical-mechanic-
al thermal analysis model
3.3.1 Model of interference module
In order to effectively monitor the Littrow
wavenumber thermal drift, Littrow angle thermal
drift and optical path difference thermal drift caused
by the deformation of the above components, based
on the parameters of the interferometer described in
section 3.1, an optical model and its physical dia-

gram are established, as shown in Fig. 8.

(b)

Fig. 8 Structural diagram of interference module. (a) Op-
tical model; (b) interference module physical dia-
gram

The optical-mechanical model is modeled by
linear material characteristics, and the glass materi-
al parameters are set based on the data provided by
the manufacturer. The working platform is made of
aluminum alloy. The fore- and back of the interfer-
ence module are connected by mechanical structure,
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and the components are fixed to the working plat-
form through adhesive bonding and nut to ensure
the operation stability of the system. The fluid do-
main within the interferometer’s optical chamber is
filled with air, and the density, specific heat capa-
city and thermal conductivity are 1.127 kg/m?, 1.004
kJ/kg-K and 0.271 W/mK, respectively. The optical-
mechanical model and physical picture are shown in
Fig. 9. The materials and indicators are shown in
Table 2.

The finite element selection and thermal integ-
ration analysis of the optical mechanical structure of
the interference module and imaging optical system
was carried out by using the thermodynamic analys-
is software ANSYSI. These finite element cells
provide data sources for the subsequent analysis for
the temperature changes of each component at dif-
ferent temperature loads. This article adopts a hexa-
hedral finite element mesh, and the nodes and ele-

ments of the hexahedral finite element mesh can
better approach the real experimental conditions,
and the density of the finite element mesh in this pa-
per is relatively dense and closer to the real results.
Other constraints are completely consistent with the
actual working conditions, and the mesh type and
element density are simulated by adopting more ac-
curate data, which improves the authenticity and ac-
curacy of the simulation. The finite element model
is shown in Figure 10.

@ (b)

AN

Fig. 9 (a) Optical-mechanical model; (b) interference mod-
ule optical-mechanical structure

Tab.2 Material characteristics of interferometer

Elements Materials Young’s modulus (MPa) Poisson’s ratio T?S\r/mra:];?qduéﬁ\lli)ty (1OC7E-I|; 1)
Beam splitting(BS) H-KOLAGT 81450 0.209 0.00075 72
Field-widening Prism(F1,F2) H-LaK2A 94150 0.295 0.00075 80
Gratings(G1,G2) Fused-Silica 74000 0.17 0.00138 51
Spacer(W1) H-FK6 70070 0.3 0.00075 131
Spacer(W2) Fused-Silica 740000 0.17 0.00138 51
Parallel bias(P1) H-KOLAGT 81450 0.209 0.00075 72
Mechanical shell, Work platform Al alloy2A12 72000 0.3 0.203 230

!

Fig. 10 Optical-mechanical finite element model of inter-
ference module

In this case, the thermal integration analysis
software can not directly get the component angle
and thickness change caused by thermal deforma-
tion, so it is necessary to establish reference points
to monitor thermal deformation. According to the
working principle of the interferometer module, the
thermal deformation of each element in the X direc-
tion will not affect the overall working performance
of the interferometer module, while the deformation
of the elements in the Z and Y directions will affect
the performance of the interferometer module”.
Therefore, 8 reference points are selected in each of
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the G1 and G2 arms of the interferometer, they are
located on one side of the prism, on both sides of the
field-widening prism and on one side of the grating
diffraction surface, respectively. They are all loc-
ated in the center of the interference module in the X
direction, and each reference point is 15 mm away
from the optical axis, as shown in Fig. 11. The local
coordinate system is established at the reference
point. By extracting the coordinate changes in the
local coordinate system in the thermal analysis soft-
ware, the changes of the wedge angle and thickness
of the wedge spacer, the field-widening prism and
the grating spacer under different thermal loads can
be monitored, as shown in Fig. 12.

N

15

om——

(=2 1c
15 Exe)

Fig. 11 Reference points location

ﬁ
Fig. 12 Local coordinate system of reference points

3.3.2 Model of imaging optical system
The imaging optical system is selected as a

double telecentric structure to ensure that the sys-
tem has a large depth of field range®. When the en-
vironment temperature changes, the light emitted by
the lens has better optical performance to a certain
extent. The housing is made of aluminum alloy
2A12 material, the structure of the optical machine
is shown in Fig. 13, and the physical picture is
shown in Fig. 14 . The finite element model is estab-
lished in thermal analysis software to analyze the
working performance of the imaging optical system
after being affected by heat.

(b) ~.

Fig. 13 (a) Optical model and (b) opto-mechanical model
of imaging optical system

N\

Fig. 14 Optical-mechanical physical picture of imaging
optical system

The detector is connected to the detector sup-
port base through a flange, maintaining a coaxial re-
lative position with the detector branch, and finally
fixed to the bottom plate. Adjustable pads are placed
between the detector and support base, as well as
between the support base and the bottom plate. A
light shield is placed between the detector branch
and the detector to eliminate the influence of the ex-
ternal light source on the detection target source.
The flange, support base, adjustment pads and bot-
tom plate are all made of aluminum alloy 2A12, and
the material characteristics are described in Table 2.
In order to monitor the relative position changes
between the imaging optical system and the detect-
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or, the models of the imaging optical system and the
detector were established, as shown in Fig. 15. A
coordinate system was established with the center of
the detector’s image plane position as the origin,
setting the initial position at 20 °C and as the co-
ordinate origin. In the software, the relative position
thermal drift between the imaging optical system
and the detector is monitored by the relative change
of coordinate position.

() Support base

Detector

Imaging optical Interferencs

Il |
*
v

Bottom plate

(b)

Detector

Imaging optical syst

Fig. 15 Imaging optical system and detector relative posi-
tion monitoring model

4  Thermal integration analysis and
results

4.1 Interference module

Based on the thermal analysis model of the in-
terference module in Section 3.1, the basic temperat-
ure of the optical-mechanical system of the interfer-
ence module is 20 °C, the boundary temperature are
12 °C and 28 °C, and the temperature rise step is
0.05 °C. The heating situation at each temperature is
described by a separate load, which can illustrate the
deformation of the optical-mechanical structure
of the interference module under the influence of
the environment temperature during operation. The
thermal analysis cloud map of the interference mod-

ule is shown in Fig. 16 (color online), and the
thermal deformation cloud map of the interference
module is shown in Fig. 17 (color online).
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Fig. 16 Thermal analysis cloud map of the interference

module
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Fig. 17 Thermal deformation cloud map of the interfer-
ence module

4.1.1 Simulation analysis

As the optical analysis software cannot ana-
lyze the mechanical part of the thermal analysis
model, after the thermal analysis, it is necessary to
carry out optical and mechanical separation of the
obtained data, to extract the original and deformed
data of the optical part in the optical and mechanic-
al structure. At this time, the extracted optical part
has been influenced by the mechanical part, and the
position coordinates of the 16 reference points es-
tablished in the model have included the angle
change between components. Then, the thermal de-
formation analysis is carried out based on formula
(8). The relationship between Littrow angle and
temperature of G1 arm and G2 arm of interferomet-
er are shown in Fig. 18 (color online), and the rela-
tionship between Littrow wavenumber and temper-
ature is shown in Fig. 19 (color online).
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Fig. 18 Relationship between Littrow angle and temperat-
ure for (a) G1 arm; (b) G2 arm
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Fig. 19 Relationship between Littrow wavenumber and
temperature for () G1 arm; (b) G2 arm

The analysis of the above data shows that the
thermal drift of each element angle will affect Lit-
trow wave number, Littrow angle and optical path
difference. The variation of interference phase error
caused by the drift of the interference G1 arm and
the interference G2 arm at different temperatures is
shown in Figure 20 (color online).

Based on formula (6) and formula (7), the rela-
tionship between the thermal drift value of the optic-
al path difference of the interferometer and temper-

ature can be obtained as shown in Fig. 21, and the
interference phase change caused by the optical path
difference is shown in Fig. 22.
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Fig. 20 The variance of interference phase error caused by

the drift of the G1 arm and G2 arm at different

temperatures
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Fig. 21 Relationship between the thermal drift value of the
optical path difference and temperature
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Fig. 22 Relationship between phase thermal drift caused
by optical path difference and temperature thermal
drift

4.1.2 Result evaluation and temperature control
measures

For interference module G1 arm, the ther-
mal deformations of grating spacer’s wedge angle
and wedge spacer’s wedge angle have a great influ-
ence on Littrow wavenumber and Littrow angle, oc-
cupying the main influencing factor. For interfer-
ence module G2 arm, the thermal deformations of
the wedge angle of wedge spacer and the vertex
angle of field-widening prism have a great influ-
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ence on Littrow wavenumber and Littrow angle. In
summary, the phase drift of the G1 arm is more seri-
ous than that of the G2 arm, and the phase error
caused by the thermal drift of G1 arm has reached
0.09750 rad/ °C and the phase error caused by the
thermal drift of G2 arm has reached 0.065 06 rad/°C.
The phase thermal drifts of G1 arm and G2 arm are
different, due to the different materials used by the
two arms and the different placement methods of the
two arms in the mechanical structure. Fig. 23 (color
online) shows the wind speed error caused by
thermal drift of G1 arm and G2 arm. Due to its large
wind speed error, only the wind speed error caused
by thermal deformation at 19.5 °C-20.5 °C is given
in Figure 23 (color online).
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Fig. 23 Relationship between wind speed error caused by
G1 and G2 thermal drift and temperature

The phase error caused by thermal drift of op-
tical path difference reaches 3.4285x10° rad/°C.
The wind speed error caused by optical path differ-
ence thermal drift at different temperatures is shown
in Fig. 24. It can be seen that the phase drift caused
by thermal drift is small, because the thermal com-
pensation design is adopted in the design of interfer-
ence module, and the thermal deformation between
components can compensate each other, and the
thermal drift of optical path difference can be re-
duced to a certain extent.

Therefore, referring to the current research
status of detection accuracy of atmospheric wind
field®, and in consideration of current temperature
control means and technical challenges, it can be
concluded that controlling the overall temperature of

the interference module at (20+0.05) °C can control
the phase drift caused by the heating of the interfer-
ence module, and correspondingly the wind speed
error within 3.8 m/s. In addition, the temperature
control device should be mainly installed on the
grating spacer and the wedge spacer of G1 arm, the
wedge spacer and the field-widening prism of G2
arm for more stable and accurate temperature con-
trol, and reducing the wind speed error caused by
temperature changes.
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Fig. 24 Relationship between wind speed error caused by
optical path difference and temperature

4.2 Imaging optical system
4.2.1 Simulation analysis

Aiming at the the thermal drift of imaging op-
tical system, based on the thermal analysis model
constructed in section 3.3, the basic temperature of
the optical-mechanical system of the interference
module is 20 °C, the boundary temperatures are set
as 12°C and 28 °C, and temperature rise step is
0.2 °C. The cloud map of the thermal analysis of the
imaging optical system is shown in Fig. 25 (color
online), and the thermal deformation cloud map of
the imaging optical system is shown in Fig. 26 (col-
or online).

Fig. 25 Thermal analysis cloud map of imaging optical sys-
tem

After thermal analysis of optical-mechanical st-

ructures, the deformation data of the optical ele-
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ment can be obtained by processing the finite ele-
ment node data. The deformation data includes two
parts: surface deformation and rigid body displace-
ment, which cannot be analyzed directly in the op-
tical analysis software, so it is necessary to separate
the two parts. Then, the rigid body displacement co-
ordinates of translation and rotation between the
surfaces are fitted by using Zernike coefficients, and
the corresponding data are imported into the optical
analysis software ZEMAX for analysis®. The chan-
ges of magnification of the imaging optical system
at different temperatures are shown in Fig. 27. The
variation error of magnification at different temper-
atures is shown in Fig. 28 . The phase error caused
by the thermal drift of magnification at different
temperatures is shown in Fig. 29.

Fig. 26 Thermal deformation cloud map of imaging optic-
al system
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Fig. 27 Magnification of imaging optical system at differ-
ent temperatures
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Fig. 28 Magnification error of the imaging optical system

at different temperatures
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Fig. 29 Relationship between phase error caused by ther-
mal drift of magnification and temperature

Aiming at the changes in the relative positions
of the imaging optical system and the detector, the
initial temperature of the imaging optical system and
the detector as a whole is set as 20 °C, the boundary
temperatures are set as 12 °C and 28 °C, and the
temperature rise step is 0.2 °C. The thermal analys-
is cloud map of the relative position between the
imaging optical system and detector is shown in
Fig. 30 (color online).

Fig. 30 Thermal analysis cloud map of relative positions of
the imaging optical system and the detector

By analyzing the coordinate information of the
detector’s image plane, the changes of relative posi-
tion between the imaging optical system and the de-
tector can be obtained as shown in Fig. 31. The rela-
tionship between the phase thermal drift caused by
relative position change and temperature is shown in
Fig. 32.
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Fig. 31 Variation of the changes of relative position bet-
ween the imaging optical system and the detector
with temperature
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Fig. 32 Variation of phase thermal drift caused by the

changes of relative position between the imag-
ing optical system and the detector with tem-
perature

4.2.2 Result evaluation and temperature control
measures

According to the above phase error results, the
drift of magnification of the imaging optical system
is affected by the combined effect of rigid body dis-
placement and surface deformation. The wind speed
error caused by magnification 