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upper atmospheric winds∗
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A static polarization interferometer for measuring upper atmospheric winds is presented, based on two Savart

plates with their optical axes perpendicular to each other. The principle and characteristics of the interferometer are

described. The interferometer with a wide field of view can offer a stable benchmark optical path difference over a

specified spectral region of 0.55–0.63 µm because there are no quarter wave plates. Since the instrument employs a

straight line common-path configuration but without moving parts and slits, it is very compact, simple, inherently

robust and has high throughput. The paper is limited to a theoretical analysis.
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1. Introduction

Temperatures and winds play a major role in the

dynamics of the atmosphere, and their measurement

still presents some challenges. The sources for measur-

ing upper atmosphere winds are aurora and airglow

whose height is 80–300 km from the ground,[1,2] so

passive optical methods are highly attractive at these

heights, because the sources offer natural Doppler tar-

gets from a variety of altitudes, and the instruments

have the potential to be used for measuring rays from

space.[3] There are two measuring spectral lines that

mainly come from the excitation of atomic oxygen in

metastable states: the excitation from O (1S) to O

(1D) produces a 557.7-nm ray and the excitation from

O (1D) to the basic state produces a 630-nm ray; their

lifetimes are about 1 s and 140 s respectively.

The optimal instruments used for measuring up-

per atmospheric winds should have some features such

as compactness, achromaticity, robustness, stability,

and high sensitivity, etc. Some instruments have been

developed,[1−8] therein the Michelson interferometer

offers an interesting alternative because it can be field-

widened. The first wide-angle Michelson interferome-

ter (WAMI) for the measurement of atmospheric tem-

perature was presented by Hilliard and Shepherd;[1]

the interferometer is set to a single path difference

for which the field-widening conditions can readily be

met. Later on, the WAMI concept was extended to

the measurement of winds as well as temperatures in

an instrument selected for space shuttle flight, called

the wide-angle Michelson Doppler imaging interferom-

eter (WAMDII).[2] A modified version of the WAMDII

called the WINDII was launched on the Upper At-

mosphere Research Satellite on 12 September 1991.[3]

The MICADO presented by Thuillier and Herse[7] is

also a field-widened instrument that has been used to

measure upper atmospheric winds and temperatures.

However, the above instruments have all been non-

polarising systems.

The first polarizing interferometer described by

Title and Ramsey was used as filter elements in which

the tuning was used to select a particular line.[9]

The polarizing atmospheric Michelson interferometer

(PAMI), combining the polarization tuning technique

of Title and Ramsey with Shepherd’s[2] technique of

deriving winds from intensity measurements at se-

quential path differences, is achieved by observing the

output intensity as in WAMDII but changing the op-

tical path difference (OPD) by rotating a polarizer ex-

ternal to the optics rather than moving a mirror. This

scanning system, used in the PAMI, is much simpler

than the moving mirror system of WAMDII. Another

PAMI was described by Bird et al.[10] which lends it-
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self to making simultaneous measurements at different

phase steps rather than sequentially; this capability

would be particularly useful for time-varying sources.

However, the system can be operated only at a special

wavelength due to the use of quarter wave plates, and

the main drawback is that the phase retardation of

the quarter wave plates is highly insensitive to the in-

cident angle and thus will introduce some errors when

the system works under wide-angle conditions.

The interference method for measuring up-

per atmospheric winds can be found in several

papers.[1,2,11−19] The main parameters given by in-

terferometers are one benchmark OPD which is equal

to the integral multiple of a wavelength, and four in-

crement OPDs in steps of quarter wavelength from

zero. To accomplish the above acquisition, we present

a static polarization interferometer. The instrument

without half wave plate can be operated over a wide

spectral region. Compared to the Michelson interfer-

ometers, our system, which employs a straight line

common-path configuration, is compact without mov-

ing parts. A further advantage is that the instrument

can be operated over a wide field of view (FOV) and

thus has high throughput.

2. Instrumental principle

The basic polarization interferometer concept is

depicted in Fig. 1(a), where the image of an extended

scene is collimated by a fore-optical system (L0, L1)

to form a beam incident on a linear polarizer P1 with

its polarization oriented at 45◦ to the axis of the left

Savart plate. The beam consequently is split into two

polarized components with the same amplitudes by

the left Savart plate and reunited by the right Savart

plate. The analyser P2, with its polarization oriented

parallel with P1, resolves the two components into a

common polarization state. The beams then pass on

to the phase mask and sensor portion of the setup,

which are then phase shifted via the polarizing wire

grids in the pixilated mask.[20] The intensities of the

four fringe patterns are simultaneously recorded by a

detector located at the focal plane of imaging lens L2.

Therein, how to use the pixilated mask and simultane-

ously record four intensities is not the content of this

paper.

Fig. 1. (a) Conceptual diagram of the polarization in-

terferometer and (b) coordinate system of the two Savart

plates.

The key component in the interferometer is the

two Savart plates. Figure 1(b) shows its coordinate

system. Two identical Savart plates cut at 45◦ to the

optical axis and have their principal sections paral-

lel, but the two optic axes are perpendicular to each

other. The o-ray in the left plate with its vibrations

perpendicular to the principal section is still an o-ray

in the second plate since the principal sections of the

two plates are parallel. Likewise, the e-ray in the first

plate is still an e-ray in the second plate. Then the

OPD of the two polarized components is introduced

after light passes through the Savart plates.

The OPD between two polarized components in-

troduced by a single Savart plate is given by[21−42]

∆1 = t×
(
1

C
− 1

b

)
+ t× a2 − b2

a2 + b2
cosω sin i+ t× sin2 i

2

[(
b− a2

C

)
sin2 ω +

(
b− a2b2

C3

)
cos2 ω

]
, (1)

where C = [(a2 + b2)/2]1/2, a = 1/ne, b = 1/no; no and ne are the refractive indices of the Savart plate for

the o- and e-rays, respectively; t is the thickness of one Savart plate; i is the incident angle, and ω is the angle

between the incident plane and the principal section of the left Savart plate. Thus, the total OPD for the two

similar Savart plates is

∆ = 2t×
(
1

C
− 1

b

)
+ 2t× a2 − b2

a2 + b2
cosω sin i+ t× sin2 i

[(
b− a2

C

)
sin2 ω +

(
b− a2b2

C3

)
cos2 ω

]
. (2)
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Therefore, the benchmark OPD can be presented as

∆0 = 2t×
(
1

C
− 1

b

)
, (3)

then the deviation part of the benchmark OPD is

δ∆ = ∆−∆0

= 2t× a2 − b2

a2 + b2
cosω sin i+ t

× sin2 i

[(
b− a2

C

)
sin2 ω

+

(
b− a2b2

C3

)
cos2 ω

]
. (4)

According to the measurement principle,[2] we need to

ensure that

|δ∆| ≤ λ, (5)

and

∆0 = mλ m = ±1± 2, . . . , (6)

then we can obtain∣∣∣∣2(a2 − b2)

a2 + b2
cosω sin i+ sin2 i

[(
b− a2

C

)
sin2 ω

+

(
b− a2b2

C3

)
cos2 ω

]∣∣∣∣ ≤ ∣∣∣∣ 2m
(
1

C
− 1

b

)∣∣∣∣ . (7)

Therefore, equations (5)–(7) are the qualification of

the benchmark OPD.

3. Characteristics of the interfer-

ometer

3.1.Optimal material

If we assume that the benchmark OPD at a wave-

length of 630 nm is ∆0 = 2.2 mm, and the Savart

plate is made of calcite crystal with the ordinary index

no = 1.656 and the extraordinary index ne = 1.486,

we can find that the thickness of a single Savart plate is

t ≈ 12 mm, and m ≈ 3.5× 103. According to Eq. (1),

the OPD ∆ as a function of angles i and ω can be

shown in Fig. 2(a). It is found that the OPD varies

largely with the incident angle when ω = 0 or π, but

the variation is very small when ω = π/2. Figure 2(b)

shows the deviation part of OPD, δ∆, as a function

of the incident angle. As can be seen, δ∆ is less than

0.63 µm over the half FOV of 1.3 degrees. Since the

available half FOV of the calcite interferometer is very

small, the corresponding throughput is not high.

Fig. 2. (a) The total OPD ∆ as a function of incident angle i and the angle between the incident plane and the

principal section of the left Savart plate ω; (b) the deviation part of OPD, δ∆ as a function of i when ω = π/2

(calcite, @630.0 nm).

If we assume that the benchmark OPD at a wavelength of 557.7 nm is ∆0 = 107.5 µm, and the Savart

plate is made of quartz crystal with the ordinary index no = 1.543 and the extraordinary index ne = 1.552, we

can obtain the thickness of a single Savart plate t ≈ 12 mm, and m ≈ 193. Figure 3(a) shows the OPD, ∆, as a

function of the angles i and ω. The OPD varies very little with the incident angle i when ω = π/2. Figure 3(b)

shows the deviation part of the OPD, δ∆, as a function of the incident angle i when ω = π/2; the maximum

OPD is less than 0.5577 µm over the half FOV of 5.2 degrees. Compared with the calcite interferometer, the

available half FOV of the quartz interferometer is very large and thus the corresponding throughput is also

high.
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Fig. 3. (a) The total OPD ∆ as a function of incident angle i and the angle between the incident plane and

the principal section of the left Savart plate ω; (b) the deviation part of the OPD, δ∆, as a function of i when

ω = π/2 (quartz, @557.7 nm)

As discussed above, to widen the FOV of the interferometer, we should choose some special material with

a small birefringence index, such as quartz, sapphire, MgF2, ADP, KDP, etc.

3.2. FOV and visibility

It is clear that for a perfectly monochromatic source and a pinhole aperture, V = 1, but as the aperture is

made finite, the superposition of fringes of varying δ∆ causes the visibility to decrease to a value that we shall

call the FOV visibility parameter, denoted by VFOV. The FOV may be divided into annular segments, each of

which has an OPD different from that of its immediate neighbours by a small amount. The contribution to the

fringe pattern from a single segment can be represented by a vector with an amplitude proportional to the area

of the segment, and a phase angle 2πδ∆/λ corresponding to the value of (∆−∆0) for that segment.

Because the two polarized components split by the Savart plates have the same amplitudes, and have the

same vibration direction after they pass through analyser P2, the distribution of intensity resulting from the

superposition of the two polarized components is

I = 2I0[1 + cos(2πσ∆)]. (8)

Substituting Eq. (2) into Eq. (8), we can have the distribution of the fringe patterns as shown in Fig. 4.

As can be seen, for the calcite interferometer the visibility is very good over the half FOV of 5 degrees, while

for the quartz interferometer the visibility is very good over the half FOV of 22 degrees.

Fig. 4. Distribution of fringe patterns in different FOV when ω = π/2. (a) In the calcite interferometer @630 nm

and (b) in the quartz interferometer @557.7 nm.
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3.3.Throughput

For monochromatic radiation the radiant flux I0
carried by an extended source is[43]

I0 = T (λ)B(λ)AΩ , (9)

where T (λ) is the transmission of the optical system;

B(λ), the radiance of the source; Ω , the solid angle

subtended by the source; and A, the area of the inter-

ferometer’s aperture. According to the definition of

the throughput,[44] we have

E = AΩ . (10)

In our system there is no narrow slit, the slit is re-

placed by the field view stop, thus, the throughput is

limited only by the detector at the focal plane of the

Fourier lens L2, and the solid angle subtended by L2

is given by

Ω = πr22/f
2
2 , (11)

where r2 and f2 are the radius and focal length of the

lens L2, respectively. Then the throughput E can be

given by

Ep = πwdldr
2
2/f

2
2 , (12)

where wd and ld are the width and length of the de-

tector, respectively.

For comparison, we use the same parameters for

the fore-optical collimator L2 in a Sagnac interferom-

eter with an entrance slit.[45] Because the slit is in the

back focal plane of L2, the throughput is limited by

the area of the slit; the solid angle subtended by the

slit from the lens L2 is

Ω = wsls/f
2
2 , (13)

where ws and ls are the width and length of the slit,

respectively. Thus the throughput is given by

Es = πwslsr
2
2/f

2
2 . (14)

From Eqs. (12) and (14) we can obtain

Ep/Es = (wdld)/(wsls). (15)

Assume that the Sagnac interferometer and our

system have the same spatial resolution for the di-

rection perpendicular to the slit and cross-track; and

wd = Nws, where N is the column number of the

charge coupled device. Because in the Sagnac inter-

ferometer the slit is on the back focal plane of the

fore-optical lens L2, and in our system the detector is

on the back focal plane of L2, we have ls = ld, and

then

Ep/Es = N. (16)

That is, N times more power can be attained by

our system than the Sagnac interferometer with a slit.

The intensity of the light becomes I0/2 after pass-

ing through an ideal polarizer P1; if the two Savart

plates are ideal, there will be no energy loss when light

passes through them, but the light is divided into two

beams, and the intensity of each beam becomes I0/4.

After passing through the analyser P2, the intensity of

each beam becomes I0/8. We can use a quarter-wave-

plate with their fast axes oriented at 45◦ to displace P2

then transform the linearly polarized light into right-

and left-hand circularly polarized light beams. This

circularly polarized light is then phase shifted via the

polarizing wire grids in the pixilated mask.

3.4.Dispersion effects

Since the detection wavelengths of our system are

557.7 nm and 630 nm, and the Savart plates are made

of uniaxial crystal, the refractive indices of the e-

and o-rays must vary with wavelength. According to

Eq. (1), the dispersion will have some influence on the

OPD.

Unless specified, the refractive indices are the av-

erage values for standard daylight or the values mea-

sured at 632.8 nm at room temperature (the difference

between the daylight and He–Ne values are within

0.1%). Assuming that the Savart plates are made

of quartz, refractive indices at specific wavelengths

within specified ranges can be derived from dispersion

formulae given in the Handbook of Optics,[46]

n2
o = 1 +

0.663044λ2

λ2 − (0.06)2
+

0.517852λ2

λ2 − (0.106)2

+
0.175912λ2

λ2 − (0.119)2
+

0.56538λ2

λ2 − (8.844)2

+
1.675299λ2

λ2 − (20.742)2
, (17)

and

n2
e = 1 +

0.665721λ2

λ2 − (0.06)2
+

0.503511λ2

λ2 − (0.106)2

+
0.214792λ2

λ2 − (0.119)2
+

0.539173λ2

λ2 − (8.792)2

+
1.807613λ2

λ2 − (197.7)2
, (18)
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where λ is the wavelength in µm. Assuming that the

thickness of the Savart plate is t ≈ 12 nm, the angle

between the incident plane and the principal section of

the left Savart plate is ω = π/2, and the incident angle

i = 5.5◦. Substituting Eqs. (17) and (18) into Eq. (2),

we can obtain the relationship between the total OPD,

∆, and the wavelength as shown in Fig. 5. As can be

Fig. 5. The relationship between the total OPD ∆ and

the wavelength when ω = π / 2 (quartz).

seen, the OPD, ∆, increases with wavelength, and the

maximum difference is ∆(0.63 µm) − ∆(0.55 µm) =

0.3 µm, which is less than λ. So the system is achro-

matic over the spectral region of 0.55–0.63 µm.

4. Conclusions

In this paper, we present a static polarization in-

terferometer based on two Savart plates. The system

could theoretically be made very small with all the

following advantages: stable benchmark OPD, large

field of view, high optical throughput, achromatic, but

without the usual problems: sensitivity to vibration,

limit to a special wavelength, requirement for precise

and expensive scanning mechanism; and these char-

acteristics will enable the deployment of this type of

system in new situations. Careful material choice for

the Savart plates will allow the construction of the

system to widen the FOV. However, the study in the

paper is only limited to the theoretical analysis, and

the experimentation and practical considerations will

be addressed in a future manuscript.
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