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[571 ABSTRACT 
A high-resolution Fourier interferometer-spectro- 
photopolarimeter is provided using ( i )  a singlc linear 
polarizer-analyzer the transmission axis azimuth of 
which is positioned successively in the three orienta- 
tions of O", 4 9 ,  and 90", in front of a detector; ( i i )  
four flat mirrors. three of which are switchable to ei- 
ther of two positions to direct an incoming beam from 
an interferometer to the polarizer-analyzer ( 1 ) around 
a sample cell (2)  transmitted through a medium in a 
cell and ( 3 )  reflected by medium in the cell; and ( i i i )  
four fixed focussing lenses, all located in a sample 
chamber attached at the exit side of the interferom- 
eter. This arrangement can provide the distribution of 
energy and complete polarization state across the 
spectrum of (a) the reference light entering from the 
interferometer; (b )  the same light after a fixed-angle 
reflection from the sample cell containing a medium 
to be analyzed; and (c )  the same light after direct 
transmission through the same sample cell, with the 
spectral resolution provided by the interferometer. 

16 Claims, 4 Drawing Figures 
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HIGH-RESOLUTION FOURIER 
INTERFEROMETER-SPECTROPHOTOPOLARIM- 

ETER 

ORIGIN OF THE INVENTION 
The invention described herein was made in the per- 

formance of work under a NASA contract and is sub- 
ject to the provisions of Section 305 of the National 
Aeronautics and Space Act of 1958, Public Law 
85-568 (72 Stat. 435; 42 U.S.C. 2457). 

BACKGROUND OF THE INVENTION 
The present invention relates to Fourier spec- 

tropolarimetry, and more particularly to a high-resolu- 
tion Fourier interferometer-spectrophotopolarimeter. 

In the presence of a scattering medium, a beam of 
radiation is modified in intensity and polarization. It is 
known that the effect depends upon two causes: the 
relative importance of scattering and absorption in 
attenuating the intensity of hte original beam (the sin- 
gle scattering albedo of the carrier medium), and the 
scattering diagram of particles in the medium appropri- 
ate for both intensity and state of polarization (the 
phase-matrix of scattering of the medium). These two 
characteristics are wavelength dependent, and hence 
the spectral variations of the observed radiation inten- 
sity and state of polarization, particularly the corre- 
sponding line profiles, can yield information about the 
medium composition and structure. 

The information contained in the intensity variations 
has been systematically exploited by use of photome- 
ters for ultra-low (continuum) spectral resolution stud- 
ies, and of monochromators for studies of isolated 
spectral lines at high-resolution. Multiplexing spec- 
trometers, namely Fourier interferometers, have given 
impetus to these studies because they are capable of 
effecting high-resolution studies over extended wave- 
length intervals. However, multiplexing spectrometers 
measure only the intensity of absorption or emission 
bands spreading across large wavelength intervals. It 
has been proposed by the inventor and Krishna D. 
Abhyankar that an interferometer-polarimeter be de- 
veloped to study moderate to high resolution spectra of 
polarization state of absorption or emission bands. (See 
Fymat, A. L. and K. D. Abhyankar, “An Interferomet- 
ric Approach to the Measurement of Optical Polariza- 
tion”, Applied Optics, 1970, 9: 1075-1 08 1, and Fymat, 
A. L., “Interferometric Spectropolarimetry: Alternate 
Experimental Methods”, Applied Optics, 1972 1 1 : 
2255-2264.) Thus, it has been proposed that studies go 
beyond obtaining merely the Stokes parameter of light 
which defines intensity ( I )  and to obtain the state of 
polarization (degree of polarization, orientation of 
plane of polarization, ellipticity of polarization ellipse) 
across spectrum with any desired resolution achievable 
by a two-beam, amplitude division interferometer such 
as Michelson’s interferometer. 

An instrument based on the work of the present in- 
ventor and Krishna D. Abhyankar, as reported in the 
first publication listed hereinabove, has been disclosed 
in U.S. Pat. No. 3,700,334. The method on which that 
instrument is based will hereafter be referred to as a 
“first method”. A simplified version of that instrument, 
based on the further work of the inventor, was reported 
in the second reference listed hereinabove and actually 
built for telescopic observations of solar light diffusely 
reflected from planetary atmospheres. The method on 
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2 
which the latter instrument is based (referred to herein- 
after as the “second method”) uses only a single pola- 
rizer-analyzer whose transmission axis can have several 
orientations, as compared to the set of three polarizers 
in the first method, two of which are of variable orien- 
tation as shown in the aforesaid patent. The second 
method is thus able to analyze much weaker light 
sources. The instrument has operated at the Steward 
Observatory, Tucson, Ariz., and the National Mexican 
Observatory, Baja California, Mexico, to ( i )  provide 
the first polarization spectra of the planet Venus in the 
wavelength of 0.8 micrometers (pm)  to 2.7 pm at the 
full instrument resolution of 0.5 cm-’; (ii) to verify 
experimentally the existence of the phenomenon of 
spectral polarization theoretically predicted by the 
present inventor (see Fymat, A. L., “Polarization in 
Astronomical Spectra: Theoretical Evidence” in Plan- 
ets, Stars and Nebulae Studied with Photopolarirnetry. 
editor: T. Gehrels, University of Arizona Prcss, 1974. 
617-636); and (iii) to similarly verify the inventor’s 
theoretical prediction of the effect of polarization on 
the spectral line shape and on the structure of vibra- 
tion-rotation bands (see Fymat, op. cit. supra). Com- 
plete instrument description and polarization spectra 
can be found in: Forbes, F. F. and Fymat, A. L., “As- 
tronomical Fourier Spectropolarimetry”, in Planets, 
Stars and Nebulae Studied with Photopolarirnetry, op. 
cit. supra at  637-660. That instrument was for produc- 
ing interferograms of atmospheric radiation incident on 
the apparatus. From the interferograms, the four 
Stokes parameters defining both intensity and state of 
polarization can be concurrently determined. The pa- 
rameters are the intensity, l, and 0, U and V which 
gave, respectively: degree of polarization, orientation 
of the plane of polarization, and ellipticity of the polar- 
ization ellipse. 

Conventionally, the Stokes parameters can be ob- 
tained by making four suitably chosen measurements. 
For example, total intensity (1) may be obtained by 
using successively 0” and 90” linear polarizer-analyzers 
in the usual photopolarimetric arrangement, and sum- 
ming the corresponding data. Alternatively, it may also 
be obtained by Fourier transform spectroscopy using 
an ordinary unmodified Michelson interferometer. The 
main difference between these two measurements is 
the considerably higher spectral resolution that can be 
achieved by the interferometer; it is typically three 
orders of magnitude finer. Measuring degree of polar- 
ization (Q) also requires the use of 0” and 90” polarizer- 
analyzers identically as above, but now followed by 
differencing of the corresponding data. The remaining 
two parameters ( U  and V) can be obtained by using a 
45” linear polarizer-analyzer and a compensator, such 
as a wave plate which, in the plane transverse to the 
direction of light propagation, retards the phase of one 
component of the light electric vector with respect to 
the other component by a fixed amount, 0“ and 90” 
respectively. 

Typically, three of the required four measurements 
are made by employing a fixed 0”-retarder and a rotat- 
ing linear polarizer-analyzer whose transmission axis 
azimuth is successively oriented along the directions 0”, 
45” and 90”, in optical series relationship. The fourth 
measurement is obtained by using a fixed 90O-retarder 
and the 45”-polarizer. This is an irreducible set of mea- 
surements suggested by the inventor and Krishna D. 
Abhyankar in “An Interferometric Approach to the 
Measurement of Optical Polarization”, Applied Optics, 
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1970, 9: 1075- 108 1, who showed that the additional 
two measurements suggested earlier are redundant. 
These two measurements would employ a I35"-pola- 
rizer and 0"- and 90"-rctarder, respectively. See, for 
example, Born, M., and Wolf, E., Principles of Opiics, 5 
4th edition, Pergamon Press, 1970, at  page 546. How- 
ever, except for ordinary Fourier transform spectrome- 
try which considers only the total intensity ( I ) ,  these 
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An instrument based on any of the four methods 
above described is adapted for measuring only the 
effect on polarization of optical radiation by a scatter- 
ing medium to gain information about the medium 
structure and composition, or measuring the polariza- 
tion of absorption or  emission lines in planets, stars and 
nebulae, in the air-glow spectrum, and in chemical 
analyses. The incident radiation has already been sub- 

conventional techniques do  not provide the degree of jected to scattering by the medium and there is no 
resolution necessary for analysis of the spectra of, for 10 opportunity to study separately the effect on polariza- 
example, relatively unknown gaseous, liquid, o r  solid tion of both transmission and reflection of light by the' 
media, o r  media containing elements in some or  all of particles composing the medium, especially in relation 
these phases. On the other hand, if the conventional to a reference beam which would have been unaffected 
photopolarimeters are coupled with high-resolution by the medium. It would be desirable to provide for 
spectrometers (e.g., a Fabry-Perot interferometer) 15 laboratory use an instrument adapted to hold a sample 
which will act as filters, and the spectral lines in the cell in a chamber and obtain data on the distribution of 
wavelength range of interest are scanned one by one, energy and complete polarization state across the spec- 
then, high-resolution may, in principle, be achieved. trum of (i)  the reference light entering the chamber, 
However, in these arrangements, the amount of light by-passing the sample cell and reaching the detecting 
energy falling on the detector would be so small that 20 device; (ii) the same light after a fixed-angle reflection 
the signal-to-noise ratio would be insignificant. Ade- from a medium to be analyzed in the sample cell; and 
quate signal-to-noise ratio values and spectral resolu- (iii) the same light after direct transmission through the 
tions are both necessary. These two requirements can medium to be analyzed, with the spectral resolution 
be achieved only by interferometer-polarimeters. and light gathering power of Fourier transform spec- 

, 

The instrument described in the aforesaid patent 25 troscopy. 

SUMMARY OF THE INVENTION 
generally includes any standard or conventional two- 
beam, amplitude division interferometer which is modi- 
fied by the inclusion of a polarizer in each of the beams A high-resolution Fourier interferometer-spectro- 
and an analyzer positioned in front of a sensor or  re- photopolarimeter is provided in accordance with the 
cording device. More specifically, the system employs a 30 present invention by an interferometer optically cou- 
beam-splitter which serves to divide light from a se- pled to a vacuum chamber containing a radiation de- 
lected light source into a pair of individual light beams. tector, a polarizer-analyzer of variable orientation di- 
Each of the light beams is directed through a polarizer. rectly in front of the detector, a sample cell, and means 
The polarizers are positioned to have preselected 
planes of polarization with respect to each other and 
with respect to the plane of polarization of the analy- 
zer. The polarized light beams are applied to a variable 
optical retarder which serves to selectively modify the 
relative optical path lengths of the light beams. An 
optical mixer may be employed to recombine the two 
light beams. The recombined light beams are projected 
through an analyzer, such as a linear polarizer, to a 
sensor or recording device. In the case of a Michelson 
interferometer, the beam-splitter and the mixer form a 
single instrumental component, and the variable re- 

for selectively directing the output beam of the inter- 
35 ferometer to the polarizer-analyzer and detector ( 1 ) 

around the cell for reference measurement, (2)  
through the cell for transmission measurement, and ( 3 )  
with a predetermined angle of reflection from the cell 
for reflection measurements of spectral radiant energy 

40 and state of polarization of the light beam, said means 
comprising a first planar mirror in the direct path of the 
interferometer beam for reflecting the beam 90" in one 
direction to a pair of planar mirrors which reflect at  the 
same angle in one position, namely 45" for the refer- 

45 ence measurements, and a smaller angle for the reflec- 
tarder is the interferometer itself. In the inventor's tion measurements, and for reflecting the interferome- 
further work, three additional spectropolarimetric ter beam 90" in a direction opposite the one direction 
methods are discussed. (See Fymat, A. L., "Interfero- to a pair of parallel planar mirrors for transmission 
metric Spectropolarimetry: Alternate Experimental measurements. The same pair of planar mirrors is used 
Methods", Applied Opt ics ,  1972, 11:2255-2264.) one 5" for the reference and reflection measurements with 
of these has been discussed hereinbefore as the second only a slight alteration of position in switching between 
method. Another method, which may be referred to as the two modes of measurement. The second mirror of 
the third method, uses a single linear polarizer-analyzer the pair for transmission measurements is the same as 
placed at  the entrance of the instrument in the ineom- the second mirror of the pair for the reflection mea- 
ing light path, and rotated along the three directions O", 5 5  surements. In that manner only three planar mirrors are 
45" and 90". In a fourth method, a hybrid of the second used for the reference and reflection modes, and a 
and third methods, a linear polarizer is placed in the fourth planar mirror is used with two of the first three 
incoming light path and an analyzer is placed in front of mirrors in the transmission mode. This symmetrical 
the detector. Here three alternatives are offered where arrangement of paired mirrors eliminates by compensa- 
both polarizer and analyzer at at 0", and at  90" succes- 60 tion any polarization effects that are otherwise present 
sivcly, and: ( i )  the polarizer is at  45" and the analyzer a t  in reflecting a beam from a planar surface. The first 
0"; ( i i )  the polarker is at 45" and the analyzer is at 90", mirror reflects the interferometer beam through an 
or ( i i i )  both the analyzer and polarizer are at  45". In- uncompensated angle of 90" from the initial direction 
stead of having both the polarizer and the analyzer in every mode, but since any polarization effect experi- 
successively at 0" and 90", it is equivalent to use an 65 cnced in reflecting the beam off that mirror is present 
analyzer at 45" and a polariLer successively at 0" and in  the reference measurements, the analysis of the state 
90". Unfortunately, the third and fourth methods pro- of polarization in the reflection and transmission modes 
vide only I,  Q, U and not V. relatively to the reference mode will be unaffected by 
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this polarization, and can be made with any desired 
resolution using a single linear polarizer-analyzer of 
variable orientation with transmission axis azimuth at  
0", 45" and 90". 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a diagram which shows schematically a plan 

view of a high-resolution Fourier interferometer-spec- 
trophotopolarimeter according to the present inven- 
tion. 

FIGS. 2, 3 and 4 illustrate the respective reference, 
reflection and transmission modes of measurement. 

DESCRIPTION OF PREFERRED EMBODIMENTS 
Referring now to FIG. I ,  which shows schematically 

a plan view, a standard two-beam, amplitude division 
interferometer 10, such as a Michelson interferometer, 
is employed with any suitable light source 11, polarized 
or  unpolarized, to direct a beam through a window 12 
into a vacuum chamber 13. 

A cylindrical transparent sample cell 14 stands on 
end on the floor of the chamber, with its axis 15 at the 
focal point of three fixed focussing lenses P6,17 and I8 
in a circular arrangement indicated by a dashed line 19 
concentric with the cell 14. A first switchable mirror 20 
is placed in front of the window 12 to direct the beam 
at 90" to the right to a second switchable mirror 21 that 
directs the beam directly (or indirectly) to a third 
switchable mirror 22. The latter two switchable mirrors 
are employed as a pair in the position shown to direct 
the beam around the cell and through a focussing lens 
23 to a linear polarizer-analyzer 24 and detector 25. 
The polarizer-analyzer is adapted to have its transmis- 
sion axis azimuth positioned successively in the three 
orientations of 0", 45" and 90" to obtain three reference 
interferograms (recorded by conventional means not 
shown) with the three successive orientations. 

Upon switching the paired mirrors 21 and 22 to their 
alternate positions shown in dashed lines, the incoming 
beam is reflected by the mirror 21 to the sample cell. 
Light reflected by the medium in the cell is reflected by 
the mirror 22 in its alternate (dashed line) position to 
the focussing lens 23, polarizer-analyzer 24 and detec- 
tor 25. 

The lenses may be held in the fixed spatial arrange- 
ment shown by a cylindrical bracket resting on its base 
on the chamber floor. Alternatively each lens may be 
held in space by a separate linear bracket between the 

6 
three successive orientations (0", 45" and 90") of the 
polarizer-analyzer provide a total of nine interfero- 
grams. These interferograms contain detailed informa- 
tion about the four Stokes parameters of, respectively, 
the reference light beam, the reflected light beam, and 
the transmitted light beam. It is thus possible to mea- 
sure the spectral distributions of both energy (radi- 
ance) and complete state of polarization (degree of 
polarization, orientation of plane of polarization, ellip- 

l o  ticity of polarization ellipse) of optical radiation before 
and after being reflected or transmitted by a sample 
medium using the high-resolution Fourier spectro- 
scopic method, and to obtain information about the 
composition, structural and optical properties of the 

l 5  sample medium, through polarimetric and spectro- 
scopic analysis of the interferograms. 

For the convenience of the following analysis of the 
instrument, the switching mirrors are reflected to as 
mirrors MI, M2 and M, when in the first position, and 

2o M,', M2' and MJ' when in the switched (second) posi- 
tion shown in dashed line. The fourth (fixed) mirror is 
referred to as the mirror M4'. The various lenses are 
referred to as L1, L2, L3 and L4 when referring to the 
respective lenses 23, 17, 18 and 16. The analysis of the 

25 instrument demonstrates that any polarization of light 
reflected by the mirrors is compensated. Polarization of 
light by the mirror MI (or MI')  is not compensated in 
the instrument, but is also present in the reference 
beam data so that it is effectively cancelled later during 

The mathematical characterization of the instrument 
can best be in the form of 2x2 matrices known as 
Jones's matrices because information is required on 

35 both the amplitude and phase of the light wave incident 
on the instrument and on the wave finally reaching the 
detector. Consider a plane, time-harmonic, electro- 
magnetic wave of infinite extent propagating through a 
stratified, homogeneous, isotropic medium. For such a 

4o medium it is possible to resolve any arbitrarily polar- 
ized plane wave into two independent, linearly polar- 
ized waves (normal modes): a so-called transverse elec- 
tric wave (TE) whose associated electric vector is per- 
pendicular to the plane of incidence and a transverse 

45 magnetic wave (TIM) with its magnetic vector perpen- 
dicular to this plane. For each of these two modes, it 
has been shown by Abeles, Ann. Phys. (Paris) 5, 596, 
706 ( 1950) that the incident and reflected fields on one 
side of the medium are linearly related to the transmit- 

30 analyses of the data. 

floor and cove; of the chamber 13. The dotted line 19 
may thus be regarded as representing either type of 
bracket. By coating the inside of the chamber and all 
sides of the lens bracket used with block matte, no light 
entering through the window 12 is reflected by any 
surface to the lens 23.except the various mirrors. In 
that way only light reflected by the medium in the cell 
reaches the detector 25. 

Upon also switching the first mirror 20 to its alternate 
(dashed line) position, the beam of light entering the 
chamber is directed 90" to the left toward a fixed mir- 
ror 24. That mirror is fixed in position to reflect the 
beam through the lens 14 to the center of the sample 
cell. The mirror 26 is now paired with the mirror 22 still 
in its alternate (dotted line) position to reflect the 
beam of light transmitted through the medium in the 
cell onto the detector. 

FIGS. 2, 3 and 4 illustrate the positions of the switch- 
able mirrors 20, 21 and 22 for the reference, reflection 
and transmission modes just described. For each mode, 

50 

5 5  
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ted field on the opposite side by a 2x2 unimodular 
matrix. This inventor has introduced a formalism that 
provides a unified treatment of the mathematical repre- 
sentation of optical instruments in terms of so-called 
Jones's matrices. See Fymat, A. L., "Jones's Matrix 
Representation of Optical Instruments, Part 1 : Beam 
Splitters", Applied Optics, I O ,  2499-2505 ( I97 1 ), and 
"Part 2: Fourier Interferometers (Spectrometers and 
Spectropolarimeters)". See also Fymat, A. L. and 
Abhyankar, K. D., "An Interferometric Approach to 
the Measurement of Optical Polarization", Applied 
Optics, 9, 1075-1081 (1070). 

The basic representation of the state of polarization 
of a quasimonochromatic incident light is given by the 
column matrix 
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where E,. and E, are electric vector components in the 
plane (x, y )  normal to the direction of light propaga- 
tion. This is referred to as Jones's (electric) vector of 
incident light. Before defining Jones's vector of light 
reaching the detector 25 in the chamber 13, through 
the polarizer-analyzer 24 (A), the following definitions 
of Jones's matrix of the interferometer-spectro- 
photopolarimeter are given: 

F is Jones's matrix of the detector-beam from the 
interferometer. 

MI, MZ, M3 (when switched they become MI', Mz', 
Ma'), I@' are Fresnel's relectance matrices of the respec- 
tive mirrors MI, Mz, M3 and M4. 

C1, b2, L:, and L4 are Jones's matrices for the respec- 
tive lenses L,, L2, L:, and L4. 
4 is the Jones's matrix for the polarizer-analyzer A. 
R is Jones's general matrix for reflection by the sam- 

ple cell. 
T is Jones's general matrix for transmission by the 

cell. 
Considering only the spectrophotopolarimeter cham- 

ber 13, the Jones's matrices B for beams reaching the 
detector are as follows: 

Reference beam: @ = So 

&,=A Ll u:t u. MI 

Reflected beam: l j= @ R  

!!,=A 6 ,  M.,*L3 !! Lz M*'M,  

Transmitted beam: @ = ljT 

&=4 L, M < t l  'r. LI &,'MI' 

From these beam matrices it is seen that when the 
mirror 21 is switched from its reference-mode position 
to its reflection-mode position, thus converting it from 
M2 to M2', the corresponding polarization effect is 
compensated by the symmetric motion of the mirror 22 
as it is switched from its reference-mode position to its 
reflection-mode position such that M2 and Ms becomes 
M2' and Ms' together while I=:$. R and L2 are intro- 
duced. This is evident from Fresnel's reflectance matrix 
readily written as follows: 

0 
PI,) . M =  (:A 

where pL and p11 are Fresnel's reflection coefficients 
for TE and TM waves, respectively. 

Comparing the matrix BT for the transmission-mode 
with the matrix €3, for the reference-mode, it is seen 
that again the matrix &Is becomes Ms' while this time 
Ln, T and L4 are introduced, and that instead of M2 the 
matrix M4' has been substituted. The position of the 
mirror M.,' is symmetrical with the mirror M2'such that 
the polarization effect of the mirror Ma' (when the 
mirror M I  is switched to the position of mirror M I ' )  is 
the same as the polarization effect of the mirror M2', 
that is to say M4'Ml' Mp'Ml. That being the case, the 
matrix for the transmission beam may be written as 
follows: 

B r = d  &I I!+'~3T44M,'g1 

It  is easily seen that when in the transmission-mode, the 
polarization effect of the mirror 26 (M.,') is compen- 
sated by the mirror 22 ( M a ' ) .  

Considering now the interferometer and the spectro- 
photopolarimeter chamber, the complete instrument, 

8 
the Jones's matrices K for beams reaching the detector 
are as follows: 

Reference beam: K &n 

5 &,.=!j.. 1.' 

Reflected beam: K = KH 
1 

&=Sa I; 
10 

Transmitted beam: I$ = KT 
&I=& L. 

,5 The matrix _F is of the interferometer, as noted here- 
inbefore, and is identical to the matrix of a detector- 
beam given by cquation 21 in "Jones's Matrix Repre- 
sentation of Optical Instruments", Part 2, supra, at  
page 27 15. 

Given Jones's vector Zi of the incident light, Jones's 
vector, coherency matrix, and intensity of light reach- 
ing the detector for the reference, reflected and trans- 
mitted beams. are as follows. 

20 

25 Jones's Vector of Light Reaching the Detector 
- 4  

Reference beam:Jo=K0 5: 
Reflected beam: E c K R  E+ 
Transmitted beam: EF& 6 

Coherency Matrix of Light Reaching the Detector 
+ "t Reference beam: Jo=<&oX<o> =ICo 2 &!, 

t Reflected beam: _JR=<ERzE,&=ZR f KR! 
Transmitt$ beam: J p < E T X E T > = K T  2 &, 

30 

't 
where e < E x % t >  is the coherency matrix of inci- 
dent light. 

3s 

Intensity of Light Reaching the Detector 
Reference beam: I,(.r;u)==Trace j0(7;u) 

40 Reflected beam: IR(7;u)=Trace jR(7;u) 
Transmitted beam: IT( T;u)=Trace JT( 7;a) 

(Note: The trace of a matrix is the sum of its diagonal 
elements. ) Then, the interferograms recorded will be 
expressed by the following equations. 

4s 
Interferograms Recorded 

m 

Reference beam: I,,(T)= I /Jr ;u)du 
50 0 

m 

Reflected beam: I,,(T)= 1 / , , ( T ; u ) ~ u  
o 

m 

55 lransmittcd hexin: Ir(r)= 1 IT(r;m)du 
U 

where u is the reciprocal of wavelength, and 7 is the 
optical path difference in the interferogram. 

(Note: lo. IR and IT depend implicitly on the transmis- 
sion axis azimuth. 8, of the polarizer-analyzer. In prac- 
tice we will selcct W", 4.5" and 90" so that we will in 
fact have three interferograms for In, three for I R ,  and 
three for I T ,  giving us a total of nine interferograms.) 

Theoretical analysis of the data recorded in the nine 
interferograms will now be rendered formally the same 
as in the prior patent referenced above in the following 
manner. Jones's matrices of the interferometer, the 
linear polarizer-analyzer, and of the spectro- 

60 

65 
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photopolarimetric chamber will first be used to derive 
the fundamental equation of spcctrophotopolarirnetry. 

Expression of F (Jones's Matrix for Interferometer) 

where 

K,=exp( -IS12 )!, H,=exp( 16/2 )l ( 2 )  

are retardation matrices for the phase retradation 
&27ra between the interferometer arms. Also 

Q,=?:rI y, .SI"'. pFs;crb y, g' ( 3 )  

where S are Jones's matrices for the beam-splitter at 
reflection [superscript ( r ) ]  and transmission [super- 
script ( t ) ] ,  and M are Jones's matrices for the mirrors. 
Subscripts 1 and 2 denote the two interferometer arms, 
and the prime is used to include the case where the 
beam-splitter is not perfectly reversible. Specifically, 

where r and t are Abeles's coefficients for the beam- 
splitter, p is Fresnel's reflectance coefficient, and 1 
and 11 denote respectively TE and TM modes. 

Expression of A (Jones's Matrix for 
Polarizer- Analyzer) 

where Mransmission factor, @=azimuth of transmis- 
sion axis. 

Expression of B (Jones's Matrix of 
Spectrophotopolarimetric Chamber) 

For mirrors: M I ,  M,, M, and MI', M,'. M3' and M4' 

For Lenses: C1, I=,, C3, C4, Very generally we will 
(a11 given for any kind of mirror in Paper 2, supra), 

have: 

because A is a complete 2x2 matrix and also because 

(7) 

Then, Jones's vector of light reaching the detector will 
be: 
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(Note: When B Bo (reference), the values of the 
a's and the p's must be evaluated from above equa- 
tions using the elements of Bo; likewise, when 
B = BR (reflection) or B = BT (transmission). 
Thus, to each of these three beams corresponds a 
different set of a's and 0's.) 

According to previous discussion of the coherency 
matrix of light reaching the detectqr, %e fzrmAhe co- 
herency matrix J = Jo,  _ J R ,  JT from E Eo., ER, ET given 
above, and take its trace to obtain the intensity I I,,. 
I R ,  IT reaching the detector. We get 

l (7.0) = u , ( u )  + u 2 ( u ) c o s 6 t  u.,(u)sinS. ( 1 1 )  
where 6-2rur.  There is one set of coefficients a t ,  u2 
and u3 for each beam (reference, reflected, transmit- 
ted). These coefficients are known linear relations 

between the elements of J: 

where u 
In other words, for any coefficient a,  we have: 

ut,  up, a,, and J,  are elements of J .  

u ( u ) = ; ( u ) / ( u )  + q(u)p(u) + u ( u ) U ( a )  + 
v( u) Y( U), ( 1 3 )  ps 

the so-called Stokes's coefficients i, q,  u and v (which 
may be complex numbers) being known. The J, and the 
Stokes's parameters I, 0, U and V are related by 

so that jl=i+q; j,=u-iv; j,pu+iv; j,=i-q. The expres- 
sions of the Stokes's coefficients will vary according to 
the value of 8, the transmission axis azimuth of the 
polarizer-analyzer. Also, in the interferogram, I( i-), 
only the variable part, i.e. u2 and a,. is relevant. The 
constant part, a, ,  although it also contains information 
on the Stokes's polarization parameters of the light 
reaching the detector, is not usually employed in inter- 
ferometry. Introducing the auxiliary quantities p( (+) 
and $(a) by the equations 

In this last expression, the coefficients a and p are 
expressed by: 
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where d ( c )  is a factor representing the instrument 
scnsitivity. It may be noted that in an ideal Michelson 
interferometer, the quantity $(e) would not be present 
so that the corresponding interferogram would be per- 
fectly symmetrical about its origin. Here, however, the 
effect of the spectrophotopolarimetric chamber has 
been the deliberate introduction of the phase factor 
~(c)=tan- '[~,~(e)/a.r(cr)] .  Thus, asymmetries in the 
interferogram, due to this factor, will be of central 
importance in determining the complete state of polar- 
ization of the reference, reflected, and transmitted 
beams. Equation ( 1 1 ), or its alternate form in equation 
(16), is the fundamental equation of spectro- 
photopolarimetry. This equation is formally identical to 
the corresponding fundamental equation of spec- 
tropolarimetry, equation (9)  of the prior patent refer- 
enced above. The interferogram analysis described in 
that patent will therefore also apply in the present case 
providing the appropriate expressions for the a-coeffi- 
cients, or alternatively the Stokes's polarization coeffi- 
cients, are used. The expressions of the latter coeffici- 
ents will be provided below. 

We will now consider the three orientations: W", 
45" and 90". The corresponding arrangements will be 
denoted A( 0).  The measurements will be performed 
according to either of the two alternatives: 

i. All three interferograms corresponding to HI", 45" 
and 90" will be recorded sequentially first for the 
reference beam, then for the reflected beam and 
lastly for the transmitted beam. In this manner, the 
number of manipulations of the mirrors 20, 21,22 
and 26 is reduced to a minimum as compared to 
the case where the transmitted beam is considered 
prior to the reflected beam. 

ii. For each orientation 0, the three interferograms 
for the reference, the reflected and the transmitted 
beams are taken successively. The operation is 
repeated for each of the remaining two orienta- 
tions. 

The former alternative is preferred because it involves 
a minimum of operations (positioning of mirrors), thus 
limiting the number of manipulations and thereby mini- 
mizing the experimental errors. 

The Stokes's coefficients for the three orientations 
are given in the following table: 

Table 
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12 
wise for the sine part of the interferogram, Le. de). 
These two relations provide both (IN) since and, 
hence, are not independent since they depart only by a 
constant factor: ?4( laI I L l / 3 ,  1 2 )  in the first case and 
i /4(0l, /3,*-~~a,*) in the latter case. 

Similarly, for the arrangement AP. We will obtain two 
dependent relations for (I-Q).  By using either the CO- 
sine parts or the sine parts of both arrangements At, 
and A2 we should get 1 and Q separately. The two deter- 
minations of I and Q, from the cosine parts and from 
the sine parts must, of course, be consistent with each' 
other within experimental noise. This in fact provides 
one check for both the method and the corresponding 
experiment. 

The arrangement A3 provides only two linear rela- 
tionships between all Stokes's parameters, one from 
a z ( u )  and one from as(u).  However, because I and Q 
are now known from At and AP, these relations are now 
only between U and V. Note that the relations are this 
time independent because u and v for a z ( a )  are differ-, 
ent from their corresponding values for an(a).  The two 
relations will be therefore sufficient for determining U 
and V separately. 

Hence, three interferograms, corresponding to the 
arrangements AI,  A2 and A,, will be sufficient for deter- 
mining the complete set of Stokes's parameters. How- 
ever, if one is only interested in I and Q, only two inter- 
ferograms, obtained with A, and AP, will be sufficient. 

On removing the polarizer-analyzer, the instrument 
converts to a Fourier interferometer-spectrophotome- 
ter which provides Stokes's parameter I from a single 
interferogram. This I and the one provided by A, and 
A2 must, of course, be consistent. Thus, a second check 
consists in comparing the 1's provided by the spectro- 
photopolarimeter (arrangements A, and A2)  and the 
spectrophotometer. 

Although particular embodiments of the invention 
have been described and illustrated herein, it is recog- 
nized that modifications and equivalents may readily 
occur to those skilled in the art. For example, a spheri- 
cal sample cell may be substituted, or a flat cell (slide) 
used for the sample. In the case of the latter, it would 
be a simple matter to orient it normal to the beam in 
the transmission mode and at  the proper position for 
the reflection mode. Consequently, it is intended that 

Stoke's Polarization Coefficients for 
Spectrophotopo larimetry 

where Re=rcal part and Im=iniaginary part. and * denotes 
complex conjugate. 

Note: Since the a's and the p's vary according 
to the beam considered (reference. refectrd,  
transmitted). there is one such table for e x h  
beam. 'lhesc lablea are obtained on using the 
appropriate u and B values a s  discussed hereinabove. 

In the arrangement A t ,  the cosine part of the interfer- 
ogram, i.e. u z ( c ) ,  will only yield a relationship between 
I and 0 (since the coefficients L( and 1' vanish). Like- 

the claims be interpreted to cover such modifications 
and equivalents. 

What is claimed is: 
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1. A high-resolution Fourier interferometer-spectro- 
photopolarimeter for producing interferograms from 
which all four Stokes's parameters can be determined 
defining both intensity and the state of polarization of 
radiation transmitted through and reflected from a 

7. Apparatus as defined in claim 6 wherein all com- 
ponents from said interferometer to said detector are 
contained in a vacuum chamber. 

8. Apparatus as defined in claim 7 wherein said 
means comprises a first switching mirror, a pair of 

sample, said apparatus comprising: 
an interferometer, 
a radiation detector, 
a polarizer-analyzer of variable orientation directly in 

a sample cell, and 
means for directing the output beam of said interfer- 

ometer to said detector through said polarizer- 
analyzer selectively ( i )  around said cell for refer- 
ence-beam interferograms, (ii) through said cell 
for transmission interferograms and (iii) with a 

, I O  front of said detector, 

15 

switching mirrors and a fourth fixed mirror, said first 
switching mirror being in the direct path of said beam 
from said interferometer for selectively reflecting said 
beam in one direction or in another direction, said 
beam being reflected in said one direction to a first one 
of a pair of switching mirrors, both of which are switch- 
able to one of two positions, the first position being 
arranged to successively reflect said beam at equal 
angles for directing said beam received from said first 
switching mirror around said cell to said detector in a 
fixed position, the second being arranged to reflect said 

predetermined angle of reflection from said cell for beam at equal angles with the first of said pair reflect- 
reflection interferograms with compensation for ing said beam received from said first switching mirror 
any polarization effect on the beam in the transmis- to said cell and the second of said pair reflecting said 
sion and reflection modes not also present in the *' beam received from said cell to said detector, and said 
reference mode. fixed mirror being in the path of said beam reflected by 

2. Apparatus as defined in claim I wherein said pola- said first switching mirror in said opposite direction and 
rizer-analyzer is a linear polarizer-analyzer having a being disposed parallel to said second of said pair of 
transmission axis azimuth which is positionable in the 25 mirrors to reflect light through said cell to the second 
three orientations of O", 45" and 90". of said pair of mirrors while in the second position for 

3. Apparatus as defined in claim 2 wherein said reflection to said detector. 
means comprises a first switching mirror in the direct 9. Apparatus as defined in claim 8 wherein said first 
path of the interferometer beam for altering the direc- switching mirror so reflects said interferometer beam 
tion of the beam 90" in one direction to a pair of switch- 30 as to alter its direction through 90" in both said one and 
ing mirrors which reflect at the same angle in one posi- said other direction, said other direction being opposite 
tion to successively alter the beam direction 90" for the said one direction, and each said pair of switchable 
reference interferograms, and altering the beam direc- 
tion successively through a smaller angle for the reflec- 
tion interferograms in a second position said first 
switching mirror altering the direction of said interfer- 
ometer beam 90" in a direction opposite the one direc- 
tion to a pair of parallel mirrors for transmission inter- 
ferograms. 

4. Apparatus as defined in claim 3 wherein the sec- 
ond mirror of the pair for transmission interferograms 

mirrors so reflecting said beam from said first switch- 
able mirror as to alter its direction through 90". 

10. Apparatus as defined in claim 9 including a linear 
polarizer-analyzer the transmission axis of which is 
positionable in the three orientations of O", 45" and 90", 
whereby all four Stokes's parameters can be deter- 
mined for radiation transmitted through and reflected 

11. In a high-resolution Fourier interferometer-spec- 

35 

40 from a medium in said sample cell. 

is the same as the second mirror of the pair for the trophotopolarimeter for producing interferograms 
reflection interferograms when the second mirror of from which all four Stokes's parameters can be deter- 
the pair for the reflection interferogram is in the second mined from the equation 
position, whereby only three mirrors are used for the 45 

mirror is used with two of the first three mirrors for the 
transmission interferograms. where u is the reciprocal of wavelength, T is the optical 

path difference in the interferometer, 8==2~u7, and the 
ponents from said interferometer to said detector are 50 u's are known linear relations between the elements of 

J contained in a vacuum chamber. 

reference and reflection interferograms, and a fourth ~ ( T ; u )  = u , ( a )  + u,(u)coa8 + u,(cr)sin8, 

5. Apparatus as defined in claim 4 wherein all 

6. In an instrument for producing interferograms 

sity is to be determined for radiation transmitted 
through and reflected from a sample, the combination 55 
comprising 

from which at  least Stokes's parameter I defining inten- U ( U )  = I JI  (u) JI (u) 
1 

where 1 = 1 to 4, a = a,,  uB, u3 and J, are dements of a 
coherency m2tr% Ja  J,,  -JH, JT formed from the light 
vec tors2  E,, ER, ET and subscripts 0, R and T stand 
for reference, reflection and transmission, respectively, 

an interferometer, 
a radiation detector, 
a sample cell, and 
means for selectively directing the output beam of 60 the combination comprising 

said interferometer to said detector around said 
cell for producing a reference-beam interferogram, 
through said cell for producing a transmission in- 
tcrferogram, and with a predetermined angle of 
reflection from said cell for producing a reflection 65 
interferogram with compensation for any effect on 
the beam in the transmission and reflection modes 
not also present in the reference mode. 

an interferometer, 
a radiation detector, 
a linear polarizer-analyzer of variable orientation 

directly in front of said detector, said polarizer- 
analyzer having a transmission axis azimuth which 
is positionable in the three orientations of O", 45" 
and 90°, 

a sample cell, and 
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means for directing the output beam of said interfer- 
ometer to said detector through said polarizer- 
analyzer selectively ( i )  around said cell for refer- 
cnce-beam interferograms, ( i i )  through a sample in 
said cell for transmission interferograms and (iii) 
with a predetermined angle of reflection from a 
sample in said cell for reflection interferograms, 
with compenvation for any polarization effect on 
the beam in the transmission and reflection modes 
not also present in the reference mode. 

12. The combination of claim 11 wherein said means 
comprises a first switching mirror in the direct path of 
the interferometer beam for altering the direction of for directing the output beam of said interfer- 
the beam 90" in one direction to a pair of switching ometer to said detector through said polarizer- 
mirrors which reflect at  the wme  angle in one position l 5  analyzer selectively (i) around said cell for refer- 
to successively alter the beam direction 90" for the ence-beam interferograms, (iii) through a sample 
reference interferograms, and altering the beam direc- in said cell for transmission interferograms and (iii) 
tion successively through a smaller angle for the reflec- with a predetermined angle of reflection from a 

sample in said cell for reflection interferograms, tion interferograms in a second position said first 

with compensation for any polarization effect on  switching mirror altering the direction of said interfer- 20 

the beam in the transmission and reflection modes ometer beam 90" in a direction opposite the one direc- 
tion to a pair of parallel mirrors for transmission inter- not also present in the reference mode, said two 

Stokes's parameters I and Q being determinable by ferograms. 
13. The combination of claim 12 wherein the second using either the cosine parts or  the sine parts of the mirror of the pair for transmission interferograms is the 25 aforesaid equation in analyzing interferograms ob- same as the second mirror of the pair for the reflection tained in the two orientations of 0" and 90" without interferograms when the second mirror of the pair for 

determining the remaining parameters U and V. the reflection interferograms is in the second position, 
15. The combination of claim 14 wherein said means whereby only three mirrors are used for the reference 

and reflection interferograms, and a fourth mirror is 30 comprises a first switching mirror in the direct path of 
the interferometer beam for altering the direction of used with two of the first three mirrors for the transmis- 

sion interferograms. the beam 90" in one direction to a pair of switching 
Fourier interferometerspec- mirrors which reflect at the same angle in one position 

trophotopolarimeter for producing the interferograms to successively alter the beam direction 90" for the 
from which only the Stokes's parameters defining in- 35 reference interferograms, and altering the beam direc- 
tensity (1) and degree of polarkLation (Q) are deter- tion successively through a smaller angle for the reflec- 
mined independently of the remaining parameters de- tion interferograms in a second position said first 
fining the orientation of the plane of (u)  switching mirror altering the direction of said interfer- 
and the ellipticity of the polarization (v)  from ometer beam 90" in a direction opposite the one direc- 
the equation 40 tion to a pair of parallel mirrors for transmission inter- 

ferograms. 
16. The combination of claim 15 wherein the second 

mirror of the pair for transmission interferograms is the 
where u is the reciprocal of wavelength, T is the optical same as the second mirror of the pair for the reflection 
path difference in the interferometer, k2.rru7, and the 45 interferograms when the second mirror of the pair for 
a's are known h e a r  relations between the elements of the reflection interferograms is in the second position, 
J whereby only three mirrors are used for the reference 

and reflection interferograms, and a fourth mirror is 
used with two of the first three mirrors for the transmis- 

where I = 1 to 4, u a , ,  u2, a:, and J, are elements of a 
coherenly mztrk J,' J0, JH, JT formed from the light 
vectors b 3 .Eo, En, ET and subscripts o, R and T stand 
for reference, reflection and transmission, respectively, 
the combination comprising 

an interferometer, 
a radiation detector, 
a linear polarizer-analyzer of variable orientation 

directly in front of said detector, said polarizer- 
analyzer having a transmission axis azimuth which 
is positionable in the orientation of 0" and go", 

' 

a sample cell, and 

14. ln a 

/ ( T , u )  = u , ( i r )  + a,(u)oosti + u,(u)sinti. 

U ( W )  = 2 J I  (u) J ,  (u) 
50 sion interferograms. I 

* * * * *  
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