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SUMMARY

By using two orthogonally polarized reference beams, holograms can be recorded
through stressed windows and the virtual image reconstructed with the two reference
beams will show no stress pattern. As shown analytically the stress-pattern-free holo-
gram is recordable for any polarization state of the object illumination. Hence, the
more efficient nondepolarizing diffuser can be used in performing holography through
stressed windows if two reference beams are used.

There is a need for stress-pattern-free reconstructions in flow-visualization holo-
graphy, where flow features appear as three-dimensional patterns. The efficient non-
depolarizing diffuser is especially useful when the window is made from an absorbent
material such as polysulfone. Results are presented for a pair of machined polysulfone
windows intended for use in a holographic flow-visualization setup in a single-stage-
compressor test rig.

INTRODUCTION

Applications of holography to flow visualization in turbomachinery require that light
enter and exit the turbomachinery through windows (refs. 1 and 2). These windows
must conform to the contours of the flow passages they cover and, therefore, can have
complex contours and spatially varying thicknesses. The windows acquire strain dis-
tributions during both manufacturing and use. These strain distributions are highly
visible in a polarimeter.

Unfortunately, convenient and useful holographic systems generally function as
polarimeters (ref. 3). If a random-phase, nondepolarizing diffuser is used to provide
bright illumination of the flow field, the light illuminating the windows has a definite
polarization. The reference beam, obtained from the same laser as the object beam,
also has a definite polarization. Strain distributions in the windows show up as annoy-
ing and confusing fringe patterns on the windows. These patterns may obscure the
fringes that outline the flow features.

The simplest solution of this problem is to illuminate the object with unpolarized
light by using a depolarizing diffuser. However, such a diffuser wastes the available
object illumination. The depolarizing diffuser operates by multiple scattering in a
volume; a nondepolarizing diffuser can achieve its effect on a surface. The loss of
illumination can be troublesome. For example, if thick windows made from the high-
melting-temperature, amber-colored plastic polysulfone (ref. 4) are used, a substan-
tial fraction of the available object light is absorbed.



The solution of the strain-pattern problem described in this paper involves re-
cording and reconstructing the orthogonal polarizations of the light wave exiting an op-
tically active window. Several authors have described holographic recording of the
orthogonal polarizations of a light wave (refs. 5 to 7). The electric-field vector at a
recording plane is defined by recording two orthogonal polarizations along with their
magnitudes and phases. However, contrary to the requirements of this problem, most
applications of holography do not require reconstructing the entire electric-field vector
of the light used to record the hologram.

The first section of this paper is an analysis of the reference- and object-
illumination requirements for strain-pattern-free holography. Light from a nondepolar-
izing diffuser is assumed to pass through a window having positionally dependent optical
activity. The second section of this paper presents an experimental confirmation of the
theory for polysulfone windows with complex curvature. These windows are intended
for use in a single-stage-compressor test rig at the Lewis Research Center.

ANALYSIS OF A HOLOGRAM OF A DIFFUSELY ILLUMINATED WINDOW
WITH POSITIONALLY DEPENDENT OPTICAL ACTIVITY

The objective is to obtain a reconstructed image of a uniformly illuminated window
free of any patterns caused by strain distributions in the window. A system for eval-
uating holographic techniques in the presence of optically active windows is shown in
figure 1. A hologram is recorded of light exiting a thin rectangular window. The win-
dow is assumed to be thin so that the lateral deviation of light rays passing through the
window can be neglected. For this analysis, the hologram is imagined to be con-
structed immediately in back of the window. As shown in figure 1, an image of the
window is formed at unity magnification at a second location so that a reference beam
can be admitted.

A rectangular coordinate system with x- and y-axes is defined in the hologram-
recording plane. That plane is imagined to coincide with the window's exit plane. The
window is assumed to have positionally dependent optical activity to simulate the effect
of a strained window. At each point, the window has principal axes (ref. 8) defined by
local rectangular coordinates. As shown in figure 2, those coordinates are labeled x'
and y', where the angle between the x'-axis and the x-axis is called @. The angle «
is an arbitrary function of position. In passing through the window, the phase of the x'
component of the incident light wave is retarded by the angle 0 relative to the phase
of the y' component. The angle 0 is also an arbitrary function of position. The
angles @ (x,y) and 0(x,y) define the optical activity of the window.

With the window removed, the average light intensity at the hologram-recording



plane is chosen to be independent of position. The electric-field vector E in the re-
cording plane is given by

E= Ex{ + By I

~

where i and j are unit vectors and EX and Ey are phasors representing the x
and y components of the field. If any variation from normal of the angle of incidence
is neglected, the intensity is given by

I=a(E- E% = a(E EX) + a(E EY) 2)

where the asterisk denotes complex conjugation, a is a proportionality constant, and
the dot denotes the vector inner product. Since the incident light is to originate from
a random-phase, nondepolarizing diffuser, the angular brackets are used to denote
statistical averaging.

To calculate the field at the hologram when the window is inserted, equation (1) is
first transformed to the primed coordinate system. Upon transforming,

E= E_(i' cos @ - j' sin @) + Ey(i' sin & +j' cos @) 3)

In equation (3), i' and f' are unit vectors in the x' and y' directions, respectively.
The phase of the x' component is retarded by 6 relative to the phase of the y' com-
ponent. The field becomes

E= Ex(i' cos @ - j! eje sin @) + Ey(i' sin @ +j! eje cos @) 4)

Equation (4) is then transformed back to the unprimed coordinate system to give the
expression for the field that has passed through the window:
2 2

~

E= [Ex(cos o +ej9 sin” @) +Ey(sin0t cos O - eje sin @ cos az‘ i

+ Eilx(sin a cos O - eJe sin & cos @)
+ Ey(sinza +el? cos? le (65)]

It can be shown that the intensity calculated by using equation (5) is unchanged from that
given by equation (2).

Now, the field expressed by equation (5) is subjected to the hologram-recording
process. Two reference beams are used simultaneously:

(1) The beams have orthogonal polarizations (ref. 5).




(2) The beams propagate from substantially different directions. The objective
is that, upon reconstruction, the hologram formed by one beam will not diffract light
from the other beam into the image.

For simplicity, the reference waves are chosen to be plane waves that are x- and y-
polarized, respectively. The x-polarized reference wave is chosen to propagate along
an axis in the yz-plane and is given at z = 0 by

- ejk cos(p,)y

RX = 1RX

(6)

where ?1 is the angle between the propagation vector of the wave and the positive

y direction and k is the wave number of the light. The y-polarized reference wave
is chosen to propagate along an axis in the xz-plane and is given at z = 0 by

jk cos(@y)x

R =iR e
y 1%y

(7

where ¢, is the angle between the propagation vector of the wave and the positive x
2

direction.
The reference waves and the wave from the window interfere at the hologram-

recording plane. The intensity in the interference pattern can be derived from the

Poynting vector to be

— — —* — — —
I1=E-E*+£,-£p +E5- E+Ep- EX @)
where by definition
1 + sin ?4
T
1+ sin Py
E,.-R —~—u-— -
Ry 7y 2

- jk cos(p,)y - jk cos(p,)x

Ep = iEge +]ERye

Jng = Rx

|/sm ?q
£, = Ry ‘/sin Pq

Ry



- - jk cos(py)y - jk cos(g,)x

£p= if Rx© +j£ Ry®©

Neither the proportionality constant nor statistical averaging is shown. The angle fac-
tors absorbed in the third and fourth terms of equation (8) are typically within 10

to 15 percent of unity.

In a perfectly linear recording, the amplitude transmittance of the hologram is
proportional to I. That is,

T=vI (9)

During reconstruction, the third term in equation (8) results in a virtual image. That
term is given by

— -jk cos (¢,)y :
-E=E_E¥ e 1 (coszOt + e]6 sinza)

-jk cos(o,)y

Sk
+ EyERx e

sin @ cos @ (1 - ejg)
-jk cos(qoz)x

+E_EX e sinozcosa(l—eJe)

X Ry

-jk cos(p,)x X
+ EyE’]":.{y e 2 (sinzoz + ol cosza) (10)

To reconstruct the virtual image, the hologram is illuminated by waves that are propor-
tional to the original two reference waves and that have complex magnitudes E'RX and
E'R . The =x-polarized wave reconstructs an image from the first two terms of equa-
tion (10). The y-polarized wave reconstructs an image from the second two terms of
equation (10).

The virtual-image field fi is given by
_-i = {(E Ex(coszoz + eje sin2

jo
* i -
'RXERX a) + Ey sin & cos @ (1 e i]

2

: . 0 . i0 2 ]
* -
+J(Ei{yERy) E,sin @ cos @ (1 ) + Ey(sm o +e'” cos o) (11)

The intensity of the reconstructed light wave from the window is given by



=T - Tk = Sm (2) _
I—Ei ;" EX {IE cos b 1][ -IERy RyI:]}

. 2
* sin” (2@) _ ' * 2
+EyE {IERy Ry + —2 cos -1 IERyERyI - Rx Rx'

« sin2a) _ 2
+ ExEy —2 cos(2) (1 - cos 0) +j sin 0 RX RX| Ry Ryl
* sin(2a) B i
+ ExEy — cos(2@) (1 - cos 6) - j sin 0| (|EL Rxl Ry Ryl (12)

The proportionality constant is not shown in equation (12).

The intensity in equation (12) is, in general, a function of position through the de-
pendence on ¢ and 6. The pattern that results will be viewed in addition to any other
pattern and may cause confusion. However, a uniform intensity is obtained simply by
choosing

*
IERERx! = IERy RyI (13)
Recall that Ep  and ERy contain absorbed angle factors. Then from equation (12),
with statistical averaging shown explicitly,

1= |ER, ((E Xy +(EE%) (14)

The polarization of the object illumination can be quite general and can be chosen to
satisfy any criterion. Thus, a nondepolarizing diffuser can be used for better efficiency.

EXPERIMENTAL ARRANGEMENT

The dual-reference-wave method has been attempted with a pair of windows in-
tended for use in a single-stage-compressor test facility. These windows, because of
their method of construction, are especially likely to have residual strain distributions.
The windows were machined, rather than molded to the contours of the test section,
from polysulfone plastic to withstand temperatures of approximately 100° C. Light is
to be admitted by a large cylindrical window upstream of the rotating compressor stage.
The light will then pass through the test section and out a smaller, complexly contoured
window located over the compressor blade tips. This window arrangement was devel-
oped for holographic flow visualization (ref. 1). A schematic diagram of the arrange-
ment is shown in figure 3.
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The dual-reference-beam method was checked by setting up the windows in their
proper configuration on a vibration isolation table. The object illumination and two
reference beams were provided by an argon-ion laser. Part of the experimental ar-
rangement is shown in figure 4. The small, complexly contoured window can be seen
through the photographic plate holder. The two reference beams are aimed at the plate
holder by the two beam divergers, one located left of center and one at the upper right.
The reference beams originate from sufficiently different directions so that the holo-
gram formed by one beam will not diffract much light from the other beam into the
image.

Although the laser is polarized perpendicular to the table, reflections from the
various mirrors in the system yield beams that have field components perpendicular
and parallel to the table. Polaroids are used to select the desired polarization for a
beam. In the plane of the photographic plate, the beam from the beam diverger at the
right is primarily horizontally polarized. The beam from the beam diverger at the left
is primarily vertically polarized. However, because the experimental setup did not
duplicate the geometry studied in the analysis section, both beams have small amounts
of the other component and the results are degraded slightly. Variable-density beam
attenuators (not visible in fig. 4) are used to control the intensities of the reference
beams.

The object beam (whose optics are not visible in fig. 4) is formed by diverging the
laser beam into a nondepolarizing diffuser of sandblasted glass. So that the images
reconstructed by the left and right reference beams will be equally bright, the light
incident on the diffuser is first circularly polarized by passing it through a quarter-
wave plate. The EX and E_ components referred to in the analysis section are then
equal in magnitude. As shown in the analysis, the polarization state of the object wave
should not affect the results. The light from the diffuser passes through the large
polysulfone window (also not visible in fig. 4) and then through the small window and is
incident on the photographic plate.

RESULTS

The results of the dual-reference-beam test are shown in figures 5 to 8. A reticle
has been placed approximately at the most distant position of the flow field from the
hologram-recording plane. Figure 5 is a plain photograph of the reticle taken through
the small window with the object beam used for illumination. The machining defects in
the window and its complex contour degrade the image somewhat; however, the quality
is adequate to show such flow features as shock waves in three dimensions. Figure 6
again shows the reticle photographed through the small window with a Polaroid placed
over the camera lens. The stress pattern in the windows is clearly visible. Next, a



dual-reference-beam hologram was recorded. The reference beams were adjusted
to have equal intensities. Figure 7 shows the reconstructed image with only one ref-
erence beam used for reconstruction. The stress pattern is again visible and would
clearly obscure any flow features. Finally, figure 8 shows the reconstructed image
with both reference beams used for reconstruction. The stress pattern is much less
visible. But, because each reference beam used to record the hologram had at least
a slight amount of each polarization, there is some residual pattern.

CONCLUDING REMARKS

Both the analysis and the experimental results show that two orthogonally polarized
reference beams are suitable for eliminating fringes due to stress patterns in windows.
Consequently, a definite polarization can be tolerated in the object illumination through
these windows, and the more efficient nondepolarizing diffuser can be used. This ar-
rangement will be useful if the windows are thick and highly absorbing, as when poly-
sulfone plastic is the window material. Of course, the depolarizing diffuser is easier
to use where there is enough illumination.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 16, 1978,
505-04.

REFERENCES

1. Wuerker, R. F.; et al.: Application of Holography to Flow Visualization Within
Rotating Compressor Blade Row. (AIRESEARCH-73-9489, AiResearch Mfg. Co.;
NASA Contract NAS 3-15336.) NASA CR-121264, 1974.

2. Gagosz, R. M.; Whitney, G. L.; and Michael, F.: Single Pulse Holographic Flow
Visualization. Engineering Applications of Holography, Society of Photo-Optical
Instrumentation Engineers, 1972, pp. 251-256.

3. Fourney, M. E.; Waggoner, A. P.; and Mate, K. V.: Recording Polarization Ef-
fects Via Holography. J. Opt. Soc. Am., vol. 58, May 1968, pp. 701-702.

4. Dreger, D. R.: The Polysulfones - Heat- Resistant, Superstrong, and Ultrastable.
Mach. Des., vol. 50, no. 1, Jan. 12, 1978, pp. 114-120.

5. Lohmann, A. W.: Reconstruction of Vectorial Wavefronts. Appl. Opt., vol. 4,
no. 12, 1965, pp. 1667-1668.



~ 6. Bryngdahl, O.: Polarizing Holography. J. Opt. Soc. Am., vol. 57, Apr. 1967,
pp. 545-546.

7. Daendliker, R.; Marom, E.; and Mottier, F. M.: Two-Reference-Beam Holo-
graphic Interferometry. J. Opt. Soc. Am., vol. 66, Jan. 1976, pp. 23-30.

8. Yariv, A.: Introduction to Optical Eletronics. Holt, Rinehart, and Winston, Inc.,
1971, pp. 11-16.

~
~
\1

Photographic

plate —~ -Object

\ illumination

A

~—Image ; !
of ¢ \_ /
window Lens L Nondepolarizing

diffuser

Figure 1. - Holographic system for evaluating holographic techniques in presence of optically
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Figure 4. - Experimental arrangement for evaiuating windows. (Object-beam optics not visible, ) !
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Figure 5.
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