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SUMMARY

This report discusses heterodyne holographic interferometry and time-average holo-
graphy with a frequency shifted reference beam. Both methods will be used for the
measurement and visualization of internal transonic flows, where the target facility is
a flutter cascade. The background and experimental requirements for both methods are
reviewed. Measurements using heterodyne holographic interferometry are presented The
performance of the laser required for time-average holography of.time-varying transonic
flows is discussed. . -

INTRODUCTION

Among the beam-modulation methods ‘described in the literature are diffuse- .
illumination heterodyne holographic interfereometry*~* and diffuse- él umination time-
average holography with frequency modulation of the reference wave, A goal at NASA
Lewis Research Center is to implement hoth methods in a test-cell environment as well as
in the laboratory. The intended applications are structural analysis, flow visualiza-
tion, and flow-properties measurements.

The technological problems and details that must be attended to for these methods
are similar for structural analysis and for the measurément or visualization of internal
transonic flows. This paper, then, centers on internal transonic flows, although we
are by no means exclusively or even primarily interested in this flow region. A major
factor is_that a number of transonic-flow facilities have been constructed in the past
decade.B-12 some of these facilities are available for evaluating heterodyne and time-~
average holography. The degree of difficulty is realistic: techniques which have some
successes in the internal transonic environment are likely to be transferable to other
applications in the field. One particular facility, a flutter cascade of blades vibrat-
ing in a pitching motion, has" biin tested with schlleren,ll rainbow schlieren_,13 and
holographic flow visualization, and is convenient for a test of the beam modulation
methods. ' )

Some difficulties in implementing diffuse-illumination, heterodyne, holographic
interferometry for flow measurements are generation of the two reference beams required
and transference of alignment from the test-cell to the hologram readout station. Other
difficulties are - the generation of a fringe pattern with enough contrast or signal-to-
noise; and the avoidance of ‘time-varying fringe patterns produced by components other
than the flow. ) ’

A major incentive for overcoming these difficulties is that the necessary hardware
for both methods is available off-the-shelf, with minimal modifications. For the heter-
odyne techniques, this hardware includes pulsed lasers with interpulse beam- switching
capability, stable continuous wave lasers, acoustooptic frequency shifters, ‘and 1nexpen-
sive computers and computer controlled accessories.

The major difficulty in implementing time-average holography for flow visualization
is the acquisition of a suitable laser system. For time-average holography, there is at
least oneé long-pulse flashlamp-pumped dye laser with good beam uniformity, which
requires some modifications for the holographic application. This laser is being
acquired for evaluation, since it offers the combination of energy and pulse length
required for transonic flow visualization.

The available hardware makes it possible and desirable to take advantage of some
well known'properties of heterodyne and time-average holographic interferometry. )
Included are the high precision, the continuous fringe interpolation capahility, and the
computer compatibility of heterodyne interferometry, and the fringe-contrast control
capability of time-average holography. These properties are combined with the advant-
ages and disadvantages of diffuse-illumination interferometry, including the fringe-
localization effect, three- dimensional meaeurements and v1suali7at10n, and the n01se of
the laser speckle effect. -

This paper summarizes some steps taken and conclusions arrived at in the NASA Lewis
program, A general background for beam modulation methods is presented: diffuse-
illumination heterodyne and time-average holography are two special cases. Then the
quantitative fundamentals of these two special cases are reviewed, and the status of the
implementation of these cases is discussed in terms of hardware, tests, experimental
results, and future potential.

‘
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BACKGROUND
Most of the concepts of holographic optical processing of the past 24 years can h-=

tepresented by two equations. At the recording plane H of a two-dimensional hologram,
the reconstructed wave satisfies the proportionality

Ogiry,t)« fS(rH,t‘)O(rH,t‘)R*(rH,t')RR(rH,t) at’ (L)

where
O(ry,t) 1is the object wave,
R(rg,t) 1is the reference wave,
Rr(rg,t) is the reconstruction wave,
and S(ry,t) 1is the shutter function, which can be abhsorbed mathematicaliy in the
reference wave. The position on the hologram is denoted by ry, and all functions
potentially have a relative time dependence denoted by t.

A second equation is obtained by including linear operations preceding and follow-

ing the hologram recording step. If an object wave Og{r,,t) originates at positions
ro, and a reconstructed wave Ogl(rp,t) is subsequently detected at positions rp, then

oR(tD,_t)mfffff hp(rpirgrtith(rgr sttt )0 (r ,t.)

* ' '
R (rH,tH )RR(IH,tH) dtH dIH dtH dtonFoA (2)

where hg and h are impulse response functions connecting the detection (rp,t), the
reconstruction = (ryg,ty), the recording (ry,ty'), and the object (r,,ty) coordinates
and times. . o

The selections of R and Ry can be used to enhance the visualization of the
object wave 0O,, or to condition the object wave for measurements and analy51s.

Eor methods discussed in this paper, R and R are carefully matched geometri-
cally, so as to faithfully reconstruct the object wave fronts. The form of the output .
wave OR is determined by time modulation of R and RR. Diffuse-illumination holo-
graphy is used exclusively, and the usual geometrical optics viewpoint is adopted. .The .
conSequences of these choices are summarized next. .

Diffuse-Illumination Interferometry15

In diffuse-illumination holography, light rays arrive at each point «try at the
hologram recording plane from all parts of the fluid. For linear recording, the .light.
rays are treated independently. Associated with the direction of polarization of the..
reference wave, each light ray has a magnitude and a phase, where the phase has both a
random and a deterministic part. For a time-varying fluid, the deterministic part has
a time variation apart from the variation at the frequency of light. The impulse-
response functions in Eg. (2) are associated with the propagation and imaging of light
rays, and need not be mentioned again. Where different light rays intersect, the random
component of phase leads to a high frequency interference effect called the laser
speckle effect. Within a given light ray, the time variation of phase is given by a
familiar expression .

S .
27 2
o(t) = b G p(r,t) ds _ ©(3)

51

where X is the wavelength of the laser beam, G is the Gladstone-Dale coefficient

(G = 0.227x10"3 m /kg for air at X = 532 nm), p(r,t) is the density as a function of
position on the 1lght ray r and the time t, and S 1is the distance along the light
ray. .

The light rays themselves are generally curved lines, hut, for the internal-flow
facilities treated herein, it is reasonable to assume that the rays are straight lines
(refractionless limit).ls'17 A fringe pattern is formed as in Fig. 1, when the light
rays are superimposed by imaging. Except for explaining the speckle effect, the inten-
sities of the individual light rays add independently, so that the interference pattetn
I 1is given by the proportionality.

1« }; It z; I,; cos(as,) ’ . - (4)

where 1 1is a ray-to-ray summation index, carried over an imaging pencil, and 43§
is the phase relative to a reference.



ORIGINAL PAGE IS
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The fringe pattern will have high contrast only for those images of points where
the variation of A¢; 1is negligible within the imaging pencil. Then, a first-order
‘criterion for high contrast is the fringe localization condition :

w

30¢/30;, = 0 d84/20; = O | (5)
where 0j ahd 63 are angles about the central ray z in the' xz and yz planes,
ix 1{) :

respectively (Fig. When 634 and eiy are not independent as in slit viewing, a
single localization equation applies.

Equations (4) and (5) imply that each point in a high-contrast fringe pattern can
be associated with the central ray of the imaging pencil. The intensity is determined
by the interferometric phase for thgt ray as given by Eq. (3). For some flow features
such as shock-wave surfaces, Eq. (5) predicts that localization will occur
nearby, on, or within the flow feature, thereby providing three-dimensional visualiza-
tion of the flow feature.

Double-exposure techniques for performing measurements or visualization based on
Egs. (1) to (5) are reviewed next.

Double-Exposure Techniques

Ordinary double-exposure holographic interferometry, heterodyne holographic inter-
ferometry, and quasi-heterodyne holographic interferometry are derivable from Eq. (1l).
In all cases, individual exposures are short when compared with the time variation of
A¢. Then the shutter function is represented by the proportionality

‘S(rg,t)e §(t) + §(t-T) o —_— . ,. (6)

where T 1is the time between exposures, and the reconstructed ray is represented by
the proportionality

OR(IH,t)“O([H,O)R*(IH,O)RR(I'H,t) + O(KH:T)R*(IHIT)RR(rHIt) (7)
In Eq. (7), the phase difference between exposures (interference phase) is diven by

Ap = %1 G Jﬂ[o(rH,T) - o(ryg,0)] 4as (8)

and the interference pattern is of course proportional to

~ /OR(ry,t)7/?

For a faithful reconstruction of the geometry of a light ray, the reconstruction wave
has the form
Rp(r,T) = R(ry,0) exp [Jlyy(ry) + o t)] + R{ry,T) exp [Jlyplry) + wpt)] (9)

where the +y's are phase shifts and the w's are elrcular‘llght frequenc1és. That
is, 'the reference wave at each of the two exposures is matched by one term of the recon-
struction wave, except possibly for a small phase shift and a frequency offset.

For ordinary double-exposure holography, the geometry and time-independent phase
of the reference do not change between exposures and are matched during reconstruction.

R(ry,0) = R(rg,T)
yo(rw) = yr(ry)
wp = wQ
The interference pattern has the general form
I =17 + Ip cos{ag) ' (10)

where the interference phase is given by Eqg. (8).

For the heterodyne techniques, the reference beams are geometrically distinct at
the two exposures.

Then, for heterodyne holographic interferometry,
R(ryg,0) # R(ry,T)

yo(ry) = yplrg).

.(uo # w7
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and the interference pattern assumes the time varying form
I =13+ .1y cos(Ae + (wp - wg)t] (11)

The interference phase can be measured relative to a reference by using a phase sensi-
tive detector. C

For quasi-heterodyne holographic interferometry,
R(ry,0) # R(ryg,T)
volry) # yr(ry)
wy = wp
aﬁd the interference pattern has the form
I=1;+ Iy coslag + yplrg) - yolrm ] (12)

If Ay(ryg) 1is given three different values, typically 0, 120, and 240°, and if I
is measured -at each value, then the interference phase is given by

' _ ‘ﬁ; (I -1 )
A¢ = tan ! o= 120 ) : (13)
0 120 240

It is also to be noted that the choice of Ay(ry) can be used to modify or control
fringe contrast and fringe localization. Equation (5) assumes the modified form

3lag(r )'+ Ay(ryg)1/36834 = O
¢ (ry yiry ix (14)

0

alag(ry) + Ay(rp)l/aeiy

In this paper, the modification of fringe contrast is left to time-average holo-
graphy, the next topic for review.

Time-Average Holography20

For time-~average holography, the reference and reconstruction beams are geometri-
cally identical. The reference wave may have a relative time dependence. For an expo-
sure time T, the reconstructed wave from Eq. (1) is given by the proportionality

T
oplrg e f otrg e ) /(e /% exp (=3vlryen) de (15)

where +y(ry,t) represents the relative time dependence of the phase of the reference
wave. . In terms of the time varying phases of the reference and object waves, the recon-
structed wave satisfies the proportionally : :

T. .
OR“H’“.[J expl3(a0(ry,t') - y(rg,t'))] at! ‘ (16)
Time-average analysis is easiest when the time and position dependences of the
phases can be separated. To first order for a flow, that separation assumes the
form ’
Ad (ry,t) = tp (rp) (17)

If the time dependence of the reference wave is chosen to have the same form, then
y(rgst) = ty(rg) (18)
For these time dependences, Eq. (16) reduces to

Tsin [ (¢ (ry) - v (ry))T/2]
0 o«

(19)
R T8, (5 - v, (50) 1771

A brightest fringe will occur when ¢, - y,= 0, where vy, (rg) is a simple shift in
the circular frequency of the reference wave. Hence, for flow visualization, the highest
contrast can be chosen for the flow-feature of interest, by the correct choice of a
frequency offset of the reference wave.



IMPLEMENTATION OF HETERODYNE HOLOGRAPHIC INTERFEROMETRY

EAE - N objectlve and Requ1rements~ PN

The eventual ob]ectlve is to perform heterodyne dlffuse 1llum1nat10n holographlc
interferometry in a nine-blade transonic flutter cascade. The blades in this machine
are vibrated-about-their midchord axes to simulate aeroelastic instability or flutter.
The density field is time dependent as a result of this motion. Holographic flow..visu--
alization has been performed in thls cascade, and 1ts performance for holography has
been well documented,l4 . 3 -

« The flutter cascade is.a fairly difficult test rig. for performing holographic
interferometry, and any positive results would be encouraging. Diffuse-illumination-
holographic interferometry is performed by shining a laser beam through a window in the
front side-wall of the cascade, - by reflecting it from the diffusely reflecting back: .
side-wall, .and by recording the reflected light.after it has passed between the blades.
and, back. out the window.. Because of the blades.and other restrictions on access; there
is a'narrow angle for shadow-free illumination of ‘the interblade passages. .-It.is dif-
‘ficult to: avoid recording holograms of. the refléctions from the window and blades..
These reflections may be particularly destructive to heterodyne holography, ‘since.their-
spurious signals can cause systematic phase errors, s

. Holographic interferometry. in wind tunnels such as the ‘flutter cascade requires a
double-pulse, Q-switched laser. The laser available  for implementing holography in-the
nine-blade flutter cascade at NASA Lewis is a frequency-doubled :Nd:YAG: laser,.which is
optimized to operate at 20 double exposures/sec., ‘The exposure separation can: be varied..-
from about 3 to 100 ps. Other suitable lasers would be the ruby laser and possibly
the alexandrite laser.

An.additional requirement of the heterodyne techniques is. the ability to. change
reference. beams between. exposures. Ruby lasers, intended for. combining holographic. - .-,
interferometry:with moire, are available commercially with:beam-direction switching. -
capability. For-an existing laser such . as the Nd:YAG laser -in the- flutter cascade, a
beam: switch can be constructed from a Pockels cell and a polarization sensitive beam
splitter. _A. half-wave plate is used after the beam splitter to rotate the polarization
of one. of" the two beams-by 90°, so that the speckel patterns of the .two holograms. are
correlated. R . . a . TR

A requirement for successful use of diffuse-illumination heterodyne holographic
interferometry is to be -aware of its systematlc and random sources.of error. . These -
ecrrors are determined by alignment, by spurious time-varying fringe patterns, by differ-
ences in wavelength between the lasers used for recording and reconstruction, and by
the electronics used for detection and measurement of the time-varying fringe pattern.
There is an additional requirement for a good reference for measuring the relative
interferometric - phase of the fringe pattern. The random and systematic sources of errot
are reviewed next. These errors can easily reduce- the accuracy of heterodyne -holo-.
graphic interferometry by a factor of 2 to 10,

ERRORS IN DIFFUSE-ILLUMINATION HETERODYNE INTERFEROMETRY

Dandliker and his colleagues have outlined the requlrements for dual- referenc%
beam, diffuse-illumination holographic interferometry in several publlcatlons
These papers cover structural analysis, but they are equally applicable to fluid density
measurements., The most important points based on our experience are summarized below.
Goodvdiscussions, with a -few errors, are found in Dandliker's publications.

There are two distinct reference waves Rj) and Rj and two distinct object waves
01 and O3 corresponding to the two exposures of the double-exposure hologram. During
reconstruction, the frequency of R; 1is shifter relative to the frequency of Rj;. Even
for linear recording, there is a multitude of time varying interference patterns. To
avoid detecting interferences due to the zero-order terms of the hologram, it is essen-
tial to satisfy ‘the off-axis-reference-wave criterion, as-in Fig. 2. This criterion
must be .satisfied.for any object which is recorded, and every practical.effort should be
made to avoid illuminating extraneous objects. Even then, care should be exercised to
assure that the detectors doe not see reflected zero-order light., 'Very small -spurious
51gnals w111 cause 51gn1f1cant perlodlc phase errors.

If- detectlon of the zero-order terms is av01ded then the remaining reconstructed
waves that can be detected are: . . . S S .

R1R1*01 exp(jwyt) - ‘RoR2*05 exp(jwat)
R1R2*0j exp(juwat) . R1R*02 exp(Jjuit)
R1R202 exp(]mlt); Rleolf exp(]wzt)

The waves- 1n the flrst tow are the reconstructlons of- 1nterest, and do not overlap
the reconstructions in ‘the third row, if the reference beams.originate from the same
side of the diffuser. Overlap with the waves in the second row is avoided by choosing
an angle between the reference beams greater than the anqular diameter of the diffuser
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(Fig. 2), where the diffuser is assumed to be the only object recorded. However, as
discussed later, said overlap can be tolerated. The consequences of overlap with these
cross reconstructions are a loss of accuracy, but an increase in the tolerance to
misalignment.

If the time-varying interference between the waves in the first row is the only
signal detected, then that signal is proportional to

2Re [R1R] *RyRy*07*09 exp (juwt) ]

where w = wy - wy. If A¢ 1is the phase difference or interference phase between the
two object waves, then the signal varies as cos(A¢ + wt).

If there is a negligible decorrelation between the speckle patterns of the two
exposures, and if the above signal can be reconstructed exactly, then the accuracy
depends only on the electronics for measuring the interference phase.. But any misalign-
ment of the hologram relative to the reference beams, any change in the wavelength of
the laser beam, or any misalignment of the reference beams themselves introduces both
random and systematic phase errors. The nonlinear nature of the hologram recording
process also introduces systematic phase errors.

The proper geometry for imaging the fringe pattern is shown in Fig. 3. The imagin-
ing lens is shown placed directly against the hologram. This choice of the lens posi-
tion eliminates systematic errors, assuming no overlap of the cross reconstructions and
neglecting the contributions of the nonlinear terms in the hologram. But the random
phase error remains.- ’

If the alignment of the reference beams for reconstruction is perfect, and if the
fluid-induced interexposure decorrelation of diffuser speckel patterns is negligible,
then each-light ray can be treated as unchanged between the two exposures. If the
reference beams are misaligned prior to reconstruction, each ray from the reconstructed
image from the double-exposure hologram of the diffuser is split into a diverging pair
of rays at the hologram as shown in Fig. 4. This divergence results in a lateral shift
of the two reconstructions of the diffuser and decorrelation of their speckle patterns.
The diverging rays also produce misalignment fringes on the hologram, and the e11m1na—
tion of these fringes can be used for realignment.

If the angle between the diverging rays is «, then the lateral shift of the
speckle patterns in the image plane of the lens in the paraxial approximation is given
by

u = «d (20)

where @ 1is the distance of the image of the fringe pattern. If the diameter of the
lens used to image the fringe pattern is D, then the fringe contrast is multiplied by
a factor

2Jl[ﬂaD/A] 2Jl[nDu/(xd)]

Y= maD/ A = wbu/ (Ad) (21)

The number of misalignment fringes within the aperture of the lens is given by
n = aD/X (22)
A more serious effect of decorrelation is a random phase error given by the expression

2 1/2
8¢ = _i%_:_l_l_ - (23)
2vy° (N + 1)

where N is the number of speckles within the aperture of the detector used to make
the phase measurment. For perfect alignment (y = 1), there is no phase error. But,

a small amount of speckle pattern decorrelation requires a large number of speckles and
a correspondingly large detector to compensate.

The above error is reduced by minimizing the number of misalignment fringes in the
lens aperture or by minimizing the frequency of those fringes, The spatial frequencies
of the misalignment fringes at the hologram are given by

£x = (1/2m) ] {Akyx - Akygl (24)
£y = (1/2m) [akay - &K1yl (25)

where the reference beams are mlsallgned by Aky and Aky, respectively. Misalignment
occurs because of a difference in wavelength between the recording and reconstruction
beams, because of a change in the included angle between the reference sources, and
because of rotation of the hologram about its xy, yy, and zy axes.



If the reference sources are in the Xy, zy plane, if the reference beams are
approximately collimated, and if the hologram is in the xy, yy plane, the various
sources of mlsallgnment result in the follow1ng fringe frequenc1es

change A)X in wavelength

£y = 0 £y = (AX/A2) [cos Bx) - cOs Bx2) | (26)
Symmetrical change A8 1in included angle ‘
6 + 0 i) - 9
. - in | x1 " 2 Ox1 ~ %x2
fy =0 fx = (A8/)) sin [- 5 ] cos [ 7 ] (27)

rotation Aa about the x-axis

fy = (1/X) [cos 6852 - cos 8z1] Ada fx =0 (28)
rotation AR about the y-axis

£y =0 £y = (1/))[cos 8,1 - cos 8z] 48 {29)
rotation Ay about the z-axis

fy = (1/N) [cos 8yx1 - cos 8xa] Ay £, =0 (30)

where cos Bx1,2s COS By],2s COS 651,72 are direction cosines of the reconstruction rays
relative to thé hologram doordinate axes.

A change ‘in wavelength can be compensated by a change in included angle or by rota-
tion about the y-axis. . : . . .

" If there is a large angle between the two reference beams, the required -alignment
accuracy is high. The bhest results are achieved when the included angle is large enough
to prevent overlap with the cross reconstructions. But the required alignment accuracy
may be impractical for transferring the hologram from a test cell to a readout station..

The sSensitivity to misalignment can be reduced substantially for Egs. (26) and
(28) to (30) by choosing a very small angle hetween the reference beams. For a small
enough angle, the interference between the reference beams can bhe viewed and used to
set the included angle precisely. The sensitivity to misalignment is reduced enough
that film can be used rather than glass plates to record the hologram. '

. The costs of overlapping the cross reconstructions with the reconstructions of
interest are increased systematic and random errors. To avoid a periodic systemmatic
error, pairs such as : :

R)*Ry07 expljwyt] and Ry*R10; expljuwpt]

must be decorrelated. The magnitude of decorrelation is determined by Eg. (21), where
a 1s now the angle between the two reference beams, and aD/) 1is the number of
reference~-beam fringes in the lens aperture. It is desirable to have the voltage
produced by any signal at the heterodyne frequency at least 20 dB less than that con-
tributed by the direct interference of 07 and 03. .

Even if the above decorrelation is adequate, the overlapplng speckel patterns
contribute an additional random phase error given by

1/2
86 = [——-—-5———] / (31)
AR

where N is the number of speckles in the detector aperture. More than 104 speckles
are required for a phase error less than 1°., Also, the overlapping reconstructions
reduce the fringe contfast, :

Another possible source of error, discussed thoroughly by Dindliker,3 is the
nonlinear response of the hologram recording medium. The periodi¢ error produced by.
this effect is minimized by controlling the parameters that affect linearity (beam
ratio, exposure, processing) and by eliminating from the hologram all object waves that
do not originate from the changing part of the object.

The implementation of-time-average holography for flow v1sua117at10n involves
fewer - cons1derat10ns as’ dlscussed in the next section.,



IMPLEMENTATION OF TIME-AVERAGE HOLOGRAPHY FOR FLOW VISUALIZATION
Objective

The main objective is to use time-average holography to improve the three-
dimensional flow-visualization effect associated with fringe localization. A second
objective is to increase the quantitative capabilities of flow visualization based on
diffuse-~-illumination holographic interferometry over those available from the double-
exposure method.

One goal eventually is to evaluate time-average holography in the nine-blade flut-
ter cascade mentioned previously. The double exposure holograms recorded of the flows
in that cascade show so many flow features that it is at times difficult to isolate
them. It is expected that time-average holography with frequency modulation of the
reference-beam will allow the fringe contrast of a flow-feature of interest. to be
enhanced relative to that of other flow features.

PROPERTIES AND REQUIREMENTS

Time-average, diffuse-illumination, holographic interferometry for flow visualiza-
tion does not differ si?nificantly from time-average holography for the visualization
of vibrational modes.or &) Furthermore, the flow-visualization effect depends on fringe
localization, just as it does for double-exposure, diffuse-illumination, holographic
interferometry.

When the time and spatial dependences of the variation of phase can be separated as
in Eq. (17), the fringe contrast and fringe localization depend on the spatial part
¢§(rH). If the reference heam is modulated as given by Eg. (18), then localization is
given by Egs. (14) and (15), with ¢, and <y, substituted for 4¢ and Ay, respec-
tively. The fringe contrast is determined by the so-called characteristic function,
which for separable flows is proportational to Eq. (19). For comparison, the character-
istic function for vibrational analysis is proportational to the familiar zero-order
Bessel function of the first kind.

For vy, = 0 the characteristic function and fringe contrast depend on ¢,T/2. For
example, for a two-dimensional flow field, which varies with X,y 1in a test section of
length L along the z-axis, the argument of the characteristic function is given by

8, 1/2 = § 61T 32 (x,y,t) (32)

for rays parallel to the z-axis.

As stated, the potential advantage of time-average holography over double-exposure
holography is the ability to use frequency shifts of the reference beams to transfer
the highest contrast (brightest) fringe to the flow feature of interest. For Eq. (32),
the required circular frequency shift for such a transfer is given by.

=y = 2T gy 20
w = Yr - by GL 3t (errt) , (33)

A map of the required w versus position is of course a map of .3p(x,y,t)/3t.

The only other significant point to note in implementing time-average holography is
that its sensitivity, in a certain sense, is one half that of double-exposure holo-
graphy. ' For double-exposure holography and the two-dimensional flow of Egs. (32) and
(33), the first fringe minimum (dark fringe) occurs for

27 3p _
X GLT -a—t =m0 (34)

whereas the first fringe minimum in time-average holography requires that Eq. (34)
equal 27, .

The major difficulty in implementing time-average holography®for internal transonic
flow visualization is to acquire a suitable laser system. Double-exposure holography in
the above-mentioned transonic flutter cascade has required exposure separations ranging
from 15 to 100 ps. Time-average exposures ranging from 30 to 200 ps would be required
for the same sensitivity, assuming no frequency shift of the reference beam.

The long-pulse, flashlamp-pumped, dye laser seems to be the best choice. This
laser produces smooth pulses having good heam quality and adequate energy in the
required pulse-length range. The major remaining problem is to achieve a narrow enough
spectroscopic line-width for adequate temporal coherence and convenient holography.

The actual execution of the beam modulation techniques involves a number of exper-
imental steps, test, evaluations, and preliminary results. These are discussed in the
next sections.



EXPERIMENTAL AND DEVELOPMENTAL RESULTS
Expectations and Approach

pandliker has claimed accuracies for diffuse-illumination heterodyne interferometry
of 1/1000 fringe, which corresponds to a phase-measurement accuracy of better than 0.4°.
With great care, this accuracy can be achieved in a laboratory. Light must be detected
from the primary reconstructions 03 and 03 only. The images must be bright, the
fringe contrast high, and the alignment for reconstruction very good. The effects of
path fluctuations between the reference beams must be minimized, so the reference signal
is derived from the fringe pattern itself,

A more realistic expectation is 1/300 fringe, particularly if overlapping cross
reconstructions are to be tolerated for ease of alignment and reduced alignment )
sensitivity.

If the reconstructed images are not bright, if alignment and fringe contrast are
poor, or if there are extraneous signals at the frequency offset, then the accuracy can
easily drop to 1/100 fringe,

Because of the multiple random and systematic errors that affect accuracy, our
approach is to evaluate a heterodyne holography setup in the test cell, but with a flow
field or phase object that is both known and repeatable. We use a so-called gas-flow
simulator. ) ’

Flow Simulator

The flow simulator is a large crystal of KD*P, The crystal, Fig. 5, has 50 by
50 mm.faces, which are perpendicular to the optic axis and are separated by 30 mm.
Electrodes, 10 mm wide and 50 mm long, are attached to the 50 by 50 mm faces at 4 par-
allel edges. The actual crystal is held in a mount, where it is submerged in Pockels
cell fluid. The two parallel 30 by 50 mm faces are accessible through windows for
allowing light to pass through the crystal. Light polarized perpendicular to the optic
axis experiences refractive index changes when voltages are applied to the electrodes.
The double-exposure holograms compare voltage and no-voltage conditions.

Figure 6 shows the infinite-fringe patterns which result when voltage is applied
to electrodes 2 and 4 with electrodes 1 and 3 grounded. The fringe pattern is quite
sparse, and its accurate measurement is a good test of the fringe interpolation capabil-
ity of heterodyne interferometry. The laser illumination has passed through a diffuser
before entering the flow simulator. ‘ : : :

. The flow simulator has been used by Decker and Stricker to compare heterodyne holo-
graphic interferometry with conventional finite-fringe holographic interferometry and
with heterodyne moire deflectometry.4 Data from the report is shown in Fig. 7,
together with predicted error ranges corresponding to various random fringe-measurement
errors. The ordinate of Fig. 7 is the numerically evaluated first derivative of the =~
interference phase, converted to a refractive index derivative by assuming a two-
dimensional refractive-index field. It is appropriate to display the derivative of the
measurements, since derivatives and differences of the interference phase are required
for three-dimensional flow analysis. The graph represents a horizontal scan midway
between the 50 by 50 mm faces. The derivatives are determined with central differences
with data points separated by 1 mm, and with a 2 mm optical gauge length. That is
_ B®i4gp0 ~ 8

g

$s_
84" i-g/2 ) (35)

where g = 2mm,

The optical setup used to record, reconstruct, and read out the hologram is shown
schematically in Fig. 8. Except to remove the hologram and process it, the setup was
not disturbed. The 514.5 nm line of the argon-ion laser was used for recording and for
reconstruction. The frequency offset was produced with an acoustooptic frequency
shifter. The time-varying fringe pattern was detected using two 0.75 mm diameter
optical fibers routed to photomultipler tubes. The phase was measured using a dual-
phase lock-in amplifier, with the amplified output of one photomultipler used as a
reference. The other fiber was translated, and its position measured using a laser
interferometer. The lens diameter D was 5.1 cm, and the fringe pattern was imaged at
a distance d of 48.3 cm. '

" The predicted error ranges, shown superimposed on Fig. 7 are of interest in the
next section of this report. The ranges show the predicted scatter of the data, should
various random fringe-measurement errors occur. Each range is associated with plus or
minus a particular value of the fringe interpolation accuracy, and it is seen that the
scatter is 50 percent of the general level of the gradient of the refractive index at
1/100 fringe. .
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As summarized nekt, the flow simulator was used to investigate possible reference-
beam geometries for heterodyne holographic interferometry in the flutter cascade.

Reference-Beam Geometry for a Flutter Cascade

The reference-beam optics were placed together with the flow simulator on a vibra-
tion isolation table. The optics consisted of a polarization sensitive beam splitter,
a half-wave plate in one beam, an acoustooptic frequency shifter in the other bean,
various alignment pinholes and spatial filter assemblies, and a glass-plate holder with
precision x,y and y-axis rotation adjustments.

The more desirable wide-angle separation between reference beams was tested first,
where the mutual angle was about 7°, and the mean angle was about 45°. The holograms
were all recorded at the same flow-simulator settings: 5 kV on electrodes 2 and 4 with
electrodes 1 and 3 grounded. The holograms were recorded at 496.5 nm and reconstructed
at 514.5 nm, a difference of 18.0 nm. Unless an argon-ion pumped dye laser is used for
readout,of the holograms recorded with the Nd:YAG laser, those holograms will be
recorded at 532 nm and reconstructed at 514.5 nm, a difference of 17.5 nm.

The reference bheams were collimated to maintain a constant angle across :the holo-
gram. The change in wavelength was compensated for by rotating the hologram about the
y (vertical) axis (see Egs. (26) and (29)). This rotation and the =xy adjustments
were used to eliminate the misalignment fringes and to maximize the fringe contrast.
The fringe pattern was formed at a distance of 48 cm from a 2 cm diameter lens, placed
in contact with the hologram. The electronic reference was derived from the fringe
pattern itself.

The change in wavelength from recording to reconstruction resulted in a small but
noticeable difference. The tolerance of this setup to misalignment followed by realign-
ment was also tested. ’

A general conclusion is that the wide-angle geometry is feasible, but probably
practical only if the holograms are recorded and reconstructed in the test cell.
Another possibility is to design and construct identical hardware for the test cell and
the readout station, or to construct a portable reference-beam, glass-plate magazine to
be transported back and forth. Attempts to use the wide-angle geometry with film were
not successful. :

~ The small-angle geometry with overlapping reconstructions was tested next. The
same beam switch was used as before, but the reference beams were made nearly coaxial
after passing through the half-wave plate and frequency shifter, respectively. The
beams were then diverged through a single microscope obhjective. The mutual angle was
set by measuring the separation of the fringes produced by the interference of the two
reference beams. Holograms were recorded for various mutual angles varying from 25 to
250 pyrad. The only other change in technique was to derive the electronic reference
from the interference pattern formed between the two reference beams; the overlapping
cross-reconstructions reduce the contrast of the measured fringe pattern and the quality
of the electronic reference derived from it.

Vivid examples of the random and systematic phase errors discussed above were easy
to generate with this geometry, although the errors were never worse than 1/100 fringe.
Results of 1/300 fringe or better required the cross-reconstruction decorrelation
associated with at least 10 reference-beam fringes in the lens aperture. The full 5 cm
diameter of the imaging lens was used to minimize the random phase error of Eg. (31).
Holograms were recorded at 514.5 nm and reconstructed at both 488 nm and 514.5 nm, a
difference of 26.5 nm. Fortunately, only minor alignment was required, even after the
wavelength change: the reference-beam fringes made it difficult to observe misalign-
ment fringes.

For comparison with Fig. 7, Fig. 9 presents measurements made at 488 nm. The
included angle was 100 pyrad. Figure 10 presents data measured at 514.5 nm for an
included angle of 250 prad. The lens was close to, but not in contact with, the
hologram when these measurements were made.

Film was also used successfully at the small mutual angles, although the best
accuracy was only 1/150 fringe. The emulsions used, however, were not the optimum
emulsions for the argon-ion laser or for the large average reference-beam angle. Film
offers the possibility of higher hologram recording rates or fast processing in the
test cell. ’

The narrow-angle geometry proved fairly easy to use and will be selected at least
for the initial work in the flutter cascade. The flow simulator will be built into the
measurement system, so that the performance of the system can be tested and checked
periodically. i

The status of the time-average-holography project is summarized next.
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LASER SYSTEM FOR TIME- AVERAGE HOLOGRAPHY

Fiqgure 11 shows the’ frlnge pattern assoc1ated with a. time-average hologram of a
flame induced flow over a blade. The hologram was recorded with an argon-ion laser.
The exposure times required for such holograms are 10's to 100's of milliseconds. The
internal flows in a. flutter cascade by contrast change significantly in 10°'s of
microseconds.

The specification of a suitable laser for transonic flow visualization in the
presence of windows using a reflective diffuser has been discussed in another paper.14
There is no off-the-shelf laser available for time-average holography in such an envi-
ronment. The general specifications for such a laser are easy enough to state. There
should be at least 50 mJ of polarized light_per pulse with a spectroscopic full line-
width ‘at half maximum power around 0.03 cm™l. To mak=a good use of higher energies,
narrower  linewidths are required. The pulses should be smooth and repeatable from shot
to shot. Pulse repetition rates at motion-picture frequencies are desirable to increase
data rates. As explained previously, pulse lengths up to 200 pus can be used. The beam
should ‘have a smooth profile and a small enough diameter and divergence angle to be con-
trolled conveniently:. ‘A wavelength that can make use of the most sensitive photo-
graphic emulsions is desirable (610 nm to 650 nm for the KODAK SO 253 emulsion).

Commeéercially available flashlamp-pumped dye lasers are available with pulse widths.
out to 400 ps. But, the simultaneous narrowing of linewidth, maintenance of pulse
width, and control of beam profile have proven difficult. Still, a laser with adequate
properties:appears to have been constructed and will be tested.

The test of the performance of such a laser is not difficult. For example,‘if the
laser produces pulses having a full length at half maximum power of 50 ys, then a holo-
gram can be recorded of. a structure vibrating in a 20 kHz resonant mode.  The results
can be compared with those recorded with an argon-ion or helium-neon laser. The line-
width can be measured using an 1nterferometer, or better yet by recordlng a hologram of
a scene with a large scene depth. .

CONCLUDING REMARKS

It should be convenient to use heterodyne holographic interferometry to measure-
the relative flow-density field or properties related to it, if the mutual angle between
reference beams is small. At least 10 reference-beam fringes are required in the aper-
ture of the imaging lens and more than 104 speckles are required in the detector aper-
ture. The flow simulator can be used to determine. the error level of the measurement
and to assure that systematic errors do not lead to erroneous conclusions concerning
complex flows. It is realistic to expect an accuracy of about 1/300 fringe. Higher
accuracies are possible with a large mutual angle, but on-site recording, processing,
and readout probably are required. Spurious reflections from windows or blades may
have a larger effect on accuracy than some of the error sources discussed in this
report. It is possible to use film when the angle between reference beams is small,

Heterodyne holographic interferometry is excellent for automated fringe measure-
ments. An automated fringe measurement laboratory is being constructed at NASA Lewis
for structural analysis, and w1ll also be used for flow analysis.

It is expected that the flashlamp-pumped dye ‘laser for tlme-avérage hblography will
be available for evaluation very soon,
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