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1. Introduction

Experience in optical testing has shown that fringe positions can be determined accurately with a two-beam
interferometer and that very long optical path differences can be used [1]. Whether in the form of a Fizeau or an
unequal-path Twyman-Green interferometer testing uncoated optics, fringe position accuracies and wavefront error
are regularly obtained with a standard deviation of 1/100 wave or better. The fringe-finding accuracy and the
operation with an unequal path can be cumbined to measme very small wavelength shifts. A sensitive measurement
of velocity can be made by using a narrow-line laser source combined with a reoeiver containing a modified Mach-
Zehnder interferometer having one arm substantially longer than the other. Although the use of two-beam
interferomet~ is common in optical testing, it has received little discussion in regard to wind sknsing. However, at
least one device based on a Michelson interferometer [2] is known to exist.

The sensitivity of the system is a direct function of the optical path difference (OPD) between the arms. A
measurement is made by introducing one or more fringes of tilt into the interferometer and observing the resulting
fringe shift. The accuracy with which the fkinge shift can be measured depends on the number of photons received,
giving a normally distributed (Gaussian) distribution of measured errors. This leads to a simple and flexible
approach for measuring twodimensional or three-dimensional wind fields.

2. Basic equations

A wavefront incident on the interferometer reaches the detector aa two waves having a phase difference, $, in waves,
that depends on the OPD and the wavenumber v, giving + = (OPD) v . Laser light scattered back from the region of
interest has its wavenumber shifted by an amount dv = 2 v V/c , where V is the wind velocity in the direction of the
line of sight and c is the velocity of light. Combing these two equations gives a phase shift d$ = 2 (OPD) v V/c.
Writing this in terms of the wavelength as d$ = (OPD/k) (2 V/c) gives a more intuitive form. The first term, 0PDL4,
is very huge; the second, 2VIC, is very small. The result is an easily observable d$. As an example, for a
wavelength of 350 nm and OPD = 1 meter, the phase shift for V = 1 mh is 1/50 wave.

3. Optical layout

A representative layout is shown below. It is assumed that the interferometer is fed by an afocal telescope having an
exit pupil at or near the final optical element. This might be a Cassegrain or a three-mirror anastigmat
configuration, with a field lens at its image producing a pupil at a following collimator optic. The pupil is then
relayed through each arm of the interferometer with a two-lens Fourier transform telay. Interference takes place on a
detector placed at the relayed pupil. The separations between the pupils and lenses, and between each lens and the
intermediate image, are equal to the focal lengths of the lenses. This is a 4f (4-focal-length) relay. The focal
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Let w enumerate the wavelength -3 <= w<= 3, with the wavelengths dispersed as shown by the arrows. In
order to cover the 7 detectors there must be 13 slits, numbered -6 <= s <= 6. The slits are assigned transmittances
TO to T6 as shown. As described below, a pattern of only 7 transmittances is needed. The transmittances and an
illustration of the slit pattern are also shown.

Seven ground pixels, denoted by g where -3 <= g <= 3, are shown. The pattern in the box denotes the
positions relative to the slits at time t = O. The pattern is shown as the image moves across the slits at times
denoted by t.

From this it can be seen that detector d sees slit s at wavelength w where s = d - w. Also, slit s sees ground
pixel g where g =s + t. Combining these, detector d sees ground pixel g = d - w + t for wavelength w at time t,
with the transmittance of slit d - w.

Stipg over all wavelengths from w = -3 to 3 gives the intensity at time t on detector d as:
3

I(t,d) = ~T(d - w)H(d+ t - W,W) (1)
w- -3

The important next step is to set d + t = ~ a constant. Then the H ii.mction depends only on n and is the same
for all values of d. Equation (1) can then be put in matrix form. Start by setting t + d = O. The% using the values
TOto T6 given above as a tinction of detector position d gives:

By inverting the T-matrix the H-vector can be determined. Using diffkrent values for t + d = n gives more
equations for other sets of the H-vector, allowing all ground pixels at all wavelengths to be determined. This is
equivalent to adding more columns to the I-matrix and the H-matrix.

3. The Hadamard transform

The T-matrix is cyclic and composed of only ones and zeros. It is ftily easy to create a cyclic matrix of that size
that can be inverted, blt it will not generally be an optimum solutio% since in general the matrix will not be well- ‘

conditioned. A Hadamard transform is a cyclic square matrix of ones and negative ones, having 2n rows and
columns, with the property that it is its own inverse [4]. These matrices cannot be used since slit transmissions of -

1 are not possible. However, there are related square matrices of size 2n-1 that have only ones and zeros. They are

obtained @m what are called “pseudo-random sequences [5].” There is a unique sequence for each of the 2 ‘-1 sizes.
For a leqjth of 7 the sequence is {1, 1, 0, 1, 0, 0, 1} or its reverse or any cyclic rotation. The T-matrix and its
inverse are
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The inverse has the zeros changed to negative ones, with the constant in front. The rows of the T-matrix share a
property similar to orthonormality. The dot product of any row with itself is 4, and with any other row is 2. For
the inverse, the dot product of any row with itself is 7 and with any other row is -1. Solving for the H-vector
requires multiplication by the inverse, and that involves only additions and subtractions.
4. Error propagation and system tolerances

a

A simple computer model was made in order to ver@ the solution and to study noise propagation. A spectrum was
assumed, and a Gaussian random noise was added to the calculated detector response. The results showed, aa
expected since the equations are linear, that the standard deviation of the errors in the computed spectral values was
the standard deviation of the noise reduced by the square root of the number of slits. As is usual with these
multiplexed systems, detector noise is reduced. However, if the dominant noise is statistical photon noise and the
spectrum is more or less unifo~ the input noise increases with the square root of the number of slits and there is
no gain.

5. Operation in staring mode ‘

Referring to the figure, if the ground pixels are stationary relative to the instnunent, then the slit must be moved. If
the slit starts in the position shown at time t = Oand moves downward, then the detector d sees slits at time t and
wavelength w wheres = d - w + t. The slits always sees ground pixel g =s. Therefore the detector d sees ground
pixel g =s with the transmittance of slits = d - w + t. Equation (1) gets changed to be

3

~ (dI(t,d) = - T -w+t)H(d-w,w) (4)
w--3

For each staring measurement data is taken for 7 values oft where -3 <= t <= 3. If we let either d or t be a
constant, then the T-matrix is again cyclic, 7 values of I are fimctions of 7 values of Hj and by inverting the matrii
the values of H can be determin&-i.

6. Conclusions

In the pushbroom mode, there are no moving parts. Alignment tolerances for the alit array will be set relative to the
size of the &Traction pattern at the image where the slits are located rather than by the wavelength of the radiation.
Since the dispersive portion of a spectrometer usually operates at a higher fhunber than the final focusj tolerances
will be greatly increased. The same instrument can be used in either the pushbroom or staring mode with only the
addition of a drive for the slit array. Using a tranamissive slit array, tilt and axial tolerances will be relatively loose.
Data processing requires only additions and subtractions, and the multiplexing advantages of a ditless spectrometer
are obtained.
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