
•4 

00 
CO 
00 

— INVESTIGATION OF HOLOGRAPHIC 
< TESTING TECHNIQUES 

Semicinfiiiöf Hepor* 

I Jyne Through 27 November 1970 

E. M. LEITH 
C. M, VIST D D C 

February 197? 

1 

/ait !- 

Prepared for the Advanced Research Projects Agency, 
E^partment of Defense, Washington, D. C, ARPA 
Order No. 1245, Program Code No. 8D10 

Contract No. DAAG46-63-<'>00i7 

lapndHcad by 
NATIONAL TECHNICAL 
INFORMATION SERVICE 

Sprinafi.ld,  Vl.    22131 

r'SYRlBOTlOTSrATI.WiNT A 

Approved for public retoOMi; 
Distribtiäou Vi. inlted 



BEST 
AVAILABLE COPY 



• ■ )<V. 

et| ,r!»\i he-eln was condacted by the Wlltov 
'■ Seif    e and 'Iffcrmology fos f.he Advancef! Re- 

-:-.,    ■•.;'• : u. BDI :, CoiUrid No. DA   .IH- ( ■ 
to Th« UnivcrsUy of Iftchigan 'ior tlte stip^jrt o! sponsored restiarch 
^^^^^^^HBI'

1
     Office of ti-e .' -        «^ident for Heeearcii. 

^H Use « 

;h PrDjccts Agency 

xm?' J^trilwätion n«? IndicateJ at ihc e;>d of this docümeat. 

^S   this d .umerit b is servert 'ts purpC'Be, it may 
} n?t return U to the \ How Run Laboratoues, 

Jp^* 

.. 6^ 



2420-21-P 

INVESTIGATION OF HOLOGRAPHiC 
TESTING TECHNIQUES 

Semiannual Report 

1 June Through 27 November 1970 

E. N. LEITH 
C. M. VEST 

February 1971 

Radar and Optics Laboratory 

INSTITUTE    OF    SCICNCt    AND   TECHNOIOGY 

THE       UNIVERSITY      OF      MICHIGAN 

Ann Arbor, Michigan 



WILLOW   R'JN   LABORATORIES 

FOREWORD 
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ABSTRACT 

Thif report discusses holographic schemes for the detectfon of flaws in honey- 

comb panels and also describes the development of a method of reducing the sensi- 

tivity of holographic i'iterferometry of transparent objects.  An interferome'ric 

scheme for determining the surface roughness of flat objects is presented, and a 

p'rnned application of the technique to curved objects is discussed.  Recent advances 

in multiple-frequency holographic contouring are described, and a comparison of 

holographic and shadow-moire contouring schemes is presented.  A computer simula- 

tion of acoustical holography and Its use for reduction of aberration are also discussed. 
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INVESTIGATION OF HOLOGRAPHIC TESTING TECHNIQUES 
Semiannual Report 

1 June Through 27 November 1970 

1 
INTRODUCTION 

This Is the fourth semiannual r^iort on a continuing study of holographic testing tech- 

niques which began on 27 November 1368.   This report presents technical accomplishments 

during the period from 1 June 1970 to 27 November 1970 and discusses preparatory work for 

the future investigation of holographic testing techniques. 

In previous reports [1, 2, 3] we presented various applications of holographic Interferom- 

etry to the nondestructive testing ^f materials.   Here we discuss our search for &n Inspection 

technique which would locate disbonds in composite panels used as energy-absorbing cargo 

pallets.  A variety of techniques for loading the specimen to Induce Interferometric fringe 

patterns which are indicative of bond flaws were tried. A satisfactory technique has not yet 

been developed.   Plans for continuation of this effort are noted. 

A preliminary Investigation of a method to vary the sensitivity of interferograms of trans- 

parent objects was discussed In the last semiannual report [3].  This has been explored fur- 

ther and experimental results are presented here. 

An optical technique for direct determination of rms surface roughness was shown to be 

feasible. The v ork reported here was based on the use of a Mlchelson Interferometer and Is 

applicable only to the study of ilat surfaces. It Is proposed to extend this technique to the In- 

spection of surfaces of complex shape by using holographic tnterferometry. 

Work on multiple-frequency holographic contouring Is continuing. Investigations were 

conducted in order to learn why the high quality contour maps produced with the object physi- 

cally close to the hologram [3] could not be reproduced when the object was imaged onto the 

hologram. 

Computer simulation was used to learn what recording geometries minimize the aberra- 

tions In acoustic holography.  Tlie aberrations studied are inherent in ac oustlcal holography 

because of the large difference In the wavelengths of radiation used during recording and re- 

construction of the holograms.   These alx.i rations are one of the major problems In develop- 

ment of ultrasonic holographic testing techniques. 



\ 

> 



WILLOW   RUN   LABORATORIES 

2 
HOLOGRAPHIC TESTING OF AIRCRAFT LOADING PANELS 

2.1.     NVRODUCTION 

In this section we present preliminary results of the holographic testing of a composite 

material.   The material specimen Is an aircraft loading panel which Is used as an energy- 

absorbing cargo pallet.   The core of this particular type of loading pad is heavy water-resis- 

tant paper; the skin is a thin aiumlnum sheet bonded to the paper core with an adhesive.   The 

tests were carried out with the cooperation of Mr. Morris Budnlck and Mr. Edward A. 

Nebesky, of the U  S. Army Natlck Laboratories, who suggested the problem a .d iiade the 

panels available to us. 

One of the most successful applications of nondestructive holographic testln;, has been 

c ebond detection in composite materials.   Previous work oa the inspection of aircraft trim 

tabs has been described In our earlier reports [2, 3].  In Ref. [3], the results of the holo- 

graphic tests are compared with other nondestru tive methods such as ultrasonic and radio- 

graphic techniques.   The report concluded that the holographic technique of locating bond de- 

fects in an tctual aircraft component appeared to be comparable with ultrasonic and radio- 

graphic techniques.   Unfortunately, the success of holographic testing depends on whether the 

interior defects in a part can be made to perturb surface displacements locally.  When the 

defects do perturb the surface displacements, the defects are revealed through anomalies in 

the resulting Interterograms, which are qualitatively Interpreted to determine defect size and 

location. Although the fringe anomalies may be quite visible, interpretation of defect size is 

an estimate based on the apparent extent of the fringe perturbations and the past experience 

of the operator.   In practice, it seems reasonable to expect an error of less than 25% in •es- 

timated defect dimensions. 

Since the results of this type of Interferometrlc Inspection are extremely dependent on 

the size, shape, and mechanical properties of the specimen, on tha nature and size of the de- 

fect, and on the method of loading. It Is difficult to make general statements regarding its ap- 

plicability.  Each specific application must be considered to determine If a viable test can be 

developed.   For this reason, It is not unexpected that the aircraft trim tab experiments were 

successful while tests on other composite material [e.g., Ref. 3] produced only marginal 

results. 

TTie intent of this investigation is to determine If a dependable and rapid holographic 

testing technique can be devised to locate bond defects in aircraft loading panels.   The results 

obtained during this reporting period are compared with the tap technique used currently to 

test the panels.   Plans for further tests are discussed. 
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2.2.   EXPERIMENTAL PROCEDURE AND RESULTS 

A typical experimental layout is shown in Fig. 1; this setup is a standard holographic sys- 

tem in which an object beam and reference beam simultaneously strike a photographic plate 

to produce the hologram.  Hie system can be used for either real-time or double-oxposure 

interferometry. In our experiments, the surface of the loading panel was painted white to 

produce a highly ; cflecting diffuse surface.  (Generally, the surface does not have to be painted. 

It was done in this case to decrease expcxure times; exposure times of the painted surfaces 

were on the order of 30 sec for KüU '. 649-F plates when a Spectra Physics 123 He-Ne laaer 
2 

was used as the light source to illuminate a circular test area of about 200 in.   on the speci- 

men (8-in. diameter). Instead of painting the surface, faster photographic plates could be 

used (such as Agfa-Gevaert 10E75 which furnishes a 20-fold exposure reduction) or a stronger 

laser (such as a pulsed ruby laser or an argon gas laser). Onte we have devised a viable 

testing method, we will investigate the applicability of the test to unpainted surfaces. 

Figure 2 shows a typical loading panel.  The test specimens have u surface area of roughly 
2 

2 ft ; they are 2.1 in. thick, and the aluminum skin is 0.05 in. thick.   The honeycomb-shaped 

cone is made of water-migration-resistant paper with a cell density of approximately 225 

cells/ft2. 

Since specimens with standardized defects were not available when the tests began, it 

was necessrry to introduce bond defects artificially. Ulis was done by forcing a fine saw 

blade into the paper honeycomb as close to me aluminum skin as possible.  The defect area 

is outlined with tape in Fig. 2.  The broader section of the defect near the bottom of the panel 

is approximately 0.2 in. thick, while the upper portion of the defect is roughly 0.05 in. thick. 

The back surface of the specimen was firmly attached to a heavy stand which allowed the 

front surface to deform freely under static or vlbrational loading without the distorting effects 

of the loading fixture. 

As mentioned above, fie optimum loading technique used to diistort the test specimen 

varies from application to application. In these experiments, thermal, static, and vlbrational 

loads were tried. All three hao some degree of success. 

Marginal results were obtained by heating the back surface of the loading pad with an in- 

frared lamp.   The heat from the lamp was transmitted to the front surface skin of the panel 

and varied the temperature in the panel. Since surface strain in the skin is related to temper- 

ature variations in the structure, subsurface defects can be detected only if they sufficiently 

affect the thermal strain pattern on or near the surface    Figure 3 shows a typical fringe 

pattern.   The wider portion of the defect produced anomalies in the fringe pattern, but the 

more narrow portions of the defect did not. Apparently tht thermal and mechanical properties 
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He-Ne   LASER 

REFERENCE   BEAM 

HOLOGRAPHIC   PLATE 

FIGURE 1.   EXPERIMENTAL ARRANGEMENT FOR TESTING HONEYCOMB 
PANELS BY HOLOGRAPHIC INTERFEROMETRY 
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*1GURE 2.   PHOTOGRAPH OF LOADING PANEL.   The 
defective area is outlined. 

FIGURE 3.   FRINGE PATTERN PRODUCED BY HEATING 
THE PANEL FROM BEHIND 
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of this composite material are such that the thin voids in the adhesive or core material do 

not produce differential displacements of the aluminum skin. 

Vibrating the front surface of the panel with a piezo-electrlc transducer produced the 

holograms shown in Figs. 4 and 5.  When a hologram of a vibrating object is made (I.e., a 

time-average hologram), the hologram produces ar. Image of the original vibmung object vlth 

a set of fringes superiuoosed on the image.   Hie fringe pattern reveals the shape and zmpii- 

tude of the vibrational pattern.   For the simple case of vibration normal to the direction of 

observation, the Intensity of any givt.. point within the fringe pattern is proportional to the 

zero-order Bessel function; that Is 

(^)l ,-|Jo 

where d is the total amplitvde of vibration, and X is the wavelength of the laser light. 

In these tests the front surface of the transducer was held against the panel with a heavy 

steel bar suspended In front of the panel; the front surface of the transducer which was pressed 

igalnst the panel was 0.5 in. In diameter.   The transducer was excited with a single-frequency 

oscillator at 600 cycles/sec.  Other frequencies were tried but this frequency seemed to pro- 

duc ' a resonant mode In the panel. 

Again, the objective was to locate anomalies In the time-average fringes caused by per- 

turbations of the vibrational mode of the panel due to the defects.  Figure 4 shows a time- 

average hologram of the panel when the transducer Is piaced directly over the defect.  The 

fringe pattern reveals a region of locally high v' «rational amplitude due to the defect.   Fig- 

ure 5 shows another time-average hologram made with the transducer 4 In. to the left of the 

defect.   Hits nologram shows no region of ic.al vibration. 

Ihe results of the vlbrational technique soem to be reliable; they give a clear indication 

of the presence of a defect. However, the technique has two disadvantages.   First, the total 

defect area is not shown.  Figure 4 indicates a defect, but there Is no Indication of Its size or 

shape.  It would, of course, be desirable to determine the full extent of the debonds.  Second, 

defect location for a large panel would require a polnt-by-point scan. One of the primary ad- 

vantages of holographic testing is the ability to test lar^e surface areas at one time.  It appears 

that although vibrational techniques may eventually be successful, some modifications must 

be made tr give a single map of the location and size of defect areas for large surface areas. 

Figures 6 and 7 »re reconstructions of multiple-exposure holograms produced by static 

loading.   In these experiments a hemispherical probe was pressed against the front surface of 

the panel.  A micrometer measured the displacements of the probe.   Ihe photographic plate 

was exposed three times Instead of the usual two.  It was first exposed with the probe pressing 
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FIGURE 4. FRINGE PATTERN PRODUCED 3Y VIBRAT- 
ING THE PANEL SURFACE WITH THE TRANSDUCER 

OVER THE DEFECT 

FIGURE 5. FRINGE PATTERN PRODUCED BY VIBRAT- 
ING THE PANEL SURFACE WITH THE TRANSDUCER TO 

THE LEFT OF THC DEFECT 
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FIGURE 6.   MULTIPLE-EXPOSURE FRINGE PATTERN 
PRODUCED BY STATIC LOADING APPLIED TO THE 

LEFT OF THE DEFECT 

FIGURE 7.   MULTIPLE-EXPOSURE FRINGE PATTERN 
PRODUCED BY STATIC LOADING APPLIED OVER THE 

DEFECT 
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lightly against the front surface of the panel. With the probe 0.001 in. further into the panel 
surface, a second exposure was made.  The probe was inovec* 0.001 in. more into the panel 
surface, and the plate was exposed a third time.   This technique was firs: proposed by Burch 
and his colleagues [4].   Tie exposure time was increased 10% for each successive exposure, 
as suggested by Biedermann [5], to produce equally intense reconstructed Images.  Basically, 
each exposure pair produces a separate interferogram; the first and second, the second and 
third, and the first and third exposure pairs each produce a separate fringe pattern. 

The three superimposed fringe patterns combine to form a moire fringe pattern.  If the 
displacements between exposures are all eoual, all th: Ti^nge patte-ns have harmonically re- 
lated fringe frequencies.   Tlie moire fringe pattern produced by the interferometric fringes 
is the same as that produced by a double-exposure hologram made from only the first two ex- 
posures except that low-amplitude high-frequency fringes fall between the broader fringes. 
K the displacements between exposures are not equal, the resulting interferometric fringes 
do not beat together to form moire fringes with high visibility as they d'd in the first case. 
The fringes tend to wash out and form patterns with varying visibility.  This technique can be 
need to detect an object's noultneer response to a deforming load by merely observing the 
vitibility of the resulting fringes. 

Ws i sed the above technque for our tests to determine if it would facilitate identification 
and to d'.'inonstrate an extension of double-exposure holography.  TOls technique does not 
change the basic configuration of the fringe pattern, however, and in that sense the same re- 
sults could b9 obtained using double-exposure holography. 

Figure 6 shows a reconstruction of a multiple-exposure hologram; the probe is about 1 
in. to the left of the defect.  Hie moir^ fringe pattern is clear and has high visibility.   There 
Is a slight change in t\e slopes of the fringes over the defect.   Hie difference is so slight, 
however, that flaws probably cs^anr. be detected reliably.   Figure 7 shows a reconstruction 
when the probe is directly over the defect.  Tne circular fringes around the probe indicate a 
subsurface defect.  Over the remainder of the panel, the fringes are 10t nearly as clear as 
the fringes in Fig. 6, which indicates an unoqual movement of this portion of the panel between 
the three exposures.  Although Fig. 6 shows some indication of a defect not directly under the 
probe, it appears that a point-by-point scan is again required. 

2.3.  CONCLUSIONS AND PLANS FC» FURTOER INVESTIGATIONS 
Of the three loading methods used, only vibrational and static loading appear to offer a 

chance of success.   Both techniques presently require a point-by-point scan of the surface. 
The techniqu? currently used to test the panels for debonds involves tapping the surface of the 
nanel and detecting the audio response.  Thlj is a poit.t-by-polnt technique also.  Since the 



WILLOW   RUN   LABORATORIES 

audio response of the defect we Introduced was clearly different from the response of other 

portions of the panel when tapped with a metal rod, it appears that the particular holographic 

techniques discussed here offer no clear advantages over the tap test methods.  In order for 

the holographic techniques to be preferred, they will have to produce maps of a large surface 

area showing the size and location of all defects. 

All of the tests do indicate, however, that tl.e debonds produce a soft spot in the surface 

that deforms locally when it is compressed.  To take advantage of this effect, a uniform fluid 

pressure or vacuum could be applied to the front panel surface and the entire surface then ob- 

se: ved through a viewing window.  Tliis procedure will be attempted and results reported In 

the next report. 

TTie U. S. Army Natick Laboratories have arranged for the U. S. Bureau of Standards to 

prepare panels identical to those being studied but with dlshonds of various sizes introduced 

during manufacture.  The bonding material, which was not removed in previous tests, is quite 

rigid In comparison with the paper core.   The nature of the dtsbond may, therefore, greatly 

affect the results of holographic testing.   These new specimens will allow us to assess holo- 

graphic testing techniques for these panels more realistically. 

10 
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3 
INTERFEROMETRY OF THREE-DIMENSIONAL TRANSPARENT OBJECTS 

Z.l.  INTRODUCTION 

In our last semiannual report [3], we discussed two sidles undertaken to expand the uses 

of holographic Interferometry in the Inspection of transparent objects.   The first study con- 

cerned the use of multidirectional object Illumination derived from a phase grating.   This type 

of Illumination enables us to produce holographic interferograms which could be viewed from 

f averal directions, but which were essentially free of the laser speckle problem associated 

with the more conventional diffuse object illumination.  The second study dealt with a possible 

technique for reducing the sensitivity of holographic Interferometry.   Hils was accomplished 

by using a hologram formed by the interference of two light waves which pass through the ob- 

ject under soidy.  Her« we report on the further development and investigation of this technique. 

3.2.  DESENSITIZED INTERFEROMETRY 

Tils section discusses an extension of holographic Interferometry In which both waves 

used to record the hologram pass through the transparent object being studied.  Tills technique 

has features which are unique and cannot be duplicated by classical interferometry.  An inter- 

ferometer of variable sensitivity Is used which has a strong bias toward the detection of 

changes of phase in one direction. 

Figure 8 depicts the optical arrangement for recording the hologram.   Two coherent plane 

waves traverse a transparent object at slightly different angles.  The resulting intensity pat- 

tern is recordc 1 on film to form a hologram.  No additional reference wave is used during this 

exposure.  We will show below that if this hologram is reconstructed by one of the plane waves, 

the fringe pattern obtained by interfering this reconstructed wave with the other plane wave Is 

Indicative of the difference in optical path of the two waves which traversed the object.   This 

technique is suggested by the method of holographic Imaging through aberrating media devel- 

oped by Goodman and his colleagues [6, 7].   They demonstrated that by placing a coherent 

point source very close to an object anu recording a hologram, aberrations caused by refract- 

ing media between the object and the hologram plane are minimized since both the object and 

reference waves are aberrated in approximately the same manner. Wo have applied this con- 

cept to interferometry. 

Let the two waves striking the hologram In Fig. 8 be denoted by 

; j = aj exp i^x + ^(x, y)] (la) 

and 

11 
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WAVES 
V, and V2 TRANSPARENT 

OBJECT 

HOLOGRAM 

FIGURE 8.   OPTICAL ARRANGEMENT FOR RECORDING THE HOLOGRAM 

12 
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Uj = aj exp Ifo^x + ^(x, y)] (lb) 

where a. and a, are proportional to the angles of propagation of the waves, and ♦.(x, y) and 

^(x, y) describe the phase variations introduced by the transparent object.  As usual, the 

temporal variation has been suppressed.  Let us further assume that a. = a^ = a, which Is 

uniform across the hologram plane.  Under these assumptions, an idea', linearly recorded 

hologram would have an amplitude transmlttance of the form 

t^yJ^ + ^vJ+Vi) 
(2) 

If we reconstruct this hologram by Illuminating It with a plane wave, u,    = a exp Ua.x), the 

reconstructed vlrtua' wavefront would be 

u2v = ya3 exp l(oyt + ^ - ^^ (3) 

If this reconstructed wavefront Interferes wltn a plane wave u,   = ya exp l(a2x), the resulting 

inten^Uy Is 

I = K + 2ßy*A cos (^ - «j) (4) 

where K Is a constant and y Is un attenuation factor.  "DJIS interference pattern IF only Indica- 

tive of 0* B ^(x, y) - ♦-(x, y), which is th* difference In phase variations introduced into the 

plane waves traversing the object In different angu'ar directions. 

Hie most obvious 'eature of thlR InterferometvT Is that Its sensitivity can be low; It can 

produce very low frequency fringes In comparison with those produced for the same object by, 

say, a Mach-Zehnder Interferometer. It may, therefore, >* applied to the study of quite coarse 

phase objects.  Hie Interferometer Is also more sensitive to phase varf t.ons In the x-direction 

than In the y-dlrectlon. If one considers two rays traversing the object and converging to the 

point on the film at which they Interfere to form the hologram, It Is obvious that this Interfer- 

ometer Is most sensitive to gradients of refractive Indtix In planes far from the hologram 

where the rays are considerably separated from each other.  Hie Interferometer is least sen- 

sitive very close to the hologram where the rays nearly coincide.  Hie region of low sensitivity 

could be shifted along the z-axls by placing an Imaging lens between the object and the holo- 

gram.   Hits feature may be useful for studying the structure of three-dimensional phase ob- 

jects.  For this application, the two-hologram technique sug£*sted by Bryngdahl and Lohmann 

[8] together with Goodman's holographic Imaging scheme could be used to advantage. 

We have conducted experiments which demonstrate several of the predicted features of 

this technique. Two coherent plane waves were generated with an optical setup similar to a 

Mlchelson Interferometer. All holograms were recorded on Kodak 649-F spectroscopic 

13 
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plates with 6328-A light.   Figure 9 shows three Interferograms ol the same transparent object 

(a sheet of plexiglass, 0.635 cm thick).   Figure 9a was produced by the method described 

above.   Tlie angle between the beams was 1°, and the object was located about 3.2 cm In front 

of the holograrr,   The fringe pattern In Fig. 9b was produced by placing the object in a Mach- 

Zehnder interferometer also with 6328-A light.   Note that the fringes in Fig, 9a are Indeed 

coarse and tend to emphasize lateral variation of phase (i.e., are indicative of the gradient of 

phase in the lateral direction) compared with those in Fig. 9b.   The fringes in Fig. 9c were 

produced as in 9a, except the object was rotated 90° in the x, y plane. 

TTie ability to vary the sensitivity of this interferometer is further illustrated by Fig. 10. 

The interferogram shown in Fip. 10a was produced in the same manner as that in Fig. 9a, ex- 

cept the angle between the beai is w?.s 3° rather than 1°; hence, the fringes In Fig. 10a are 

more numerous than those in Mg. 9a.   Figures 10b and 9c may be compared in an analogous 

manner. 

For simplicity and ease of adjustment during the experiments reported here, a double- 

exposure technique was used.   During the first exposure, both waves passed through the object 

and exposed the film.   The object was then removed and the film was exposed to the two plane 

waves.   The second recording simply provided a hologram of the wave u»   which is required 

to form the final Interference pattern.   Readout then consisted of illuminating the developed 

hologram with the other plane wave, u-  , Fourier transforming the output of the hologram with 

a sph« rical lens, and Tlitering out the unwanted spectral components. It should be noted that 

the angle between the waves which form the hologram is sufficiently small that both the real 

and virtual holographic Images appear upon reconstruction [9]. It is easily shown that the 

same interference pattern is obtained using the virtual image.  This has been verified experi- 

mentally. 

The basic nroperties of the interferometer were clearly illustrated by using a thin (9° 

wedge) pris.   as an object.   Figure 11a is an Interferogram produced using the method under 

consideration.   One wave was parallel to the front face of the prism and the other was tilted 

at an angle of 1°.   TTie prism, with its wedge in the x, y plane, was located 5 cm in front of the 

hologram.   The resulting fringe frequency is about 4 lines/cm.   The fringes shown in Fig. lib 

were produced using the same setup, but there was a 5° angle between the beams.   The result- 

ing fringe frequency is 22 lines/cm.   The absolute fringe frequency due to refraction by the 

prism was measured by placing the prism in a portion of a colllmated beam,   llie interference 

between the refracted and unrefracted portions of the beam was recorded on film.   The result- 

ing fringe frequency was found with a scanning microdensitometer to be 135 lines/mm.  When 

the prism was turned 90° so that the wedge lay in the y, z plane, no fringes were produced, 

since no x gradient ol phase was introduced. Ii is interesting to note that the fringes produced 
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(a)  Desensitized Interferogram. 
Beam angle = 1°. 

(b)  Bright-Field Mach-Zehnder 
Interferogram. 

(c)  Desensitized Interferogmm. 
Object rotated 90° during rec  "-d - 

Ing. 

FIGURE 9.   THREE INTERFEROGRAMS OF THE SAME PORTION OF A TRANSPARENT OBJECT 
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(a)  Desensitized Interferogram. 
Beam angle = 3°. 

(b)  Desensitized Interferogram. 
Object rotated 90° during record- 

ing. 

FIGURE 10.   TWO INTERFEROGRAMS OF THE SAME 
PORTION OF THE TRANSPARENT OBJECT IN FIG. 9 
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(a)  Beam Angle = l' 

(b)   Beam Angle - 5C 

FIGURE 11.   TWO INTFaFEROGRAMS OF A 9° WEDGE 
PRISM 
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by this interferometer are indicative of deviations from the thin prism approximation. In this 

approximation, the linear phase shift Introduced by the prism Is Independent of the angle of 

incidence.  If this were indeed the case, no fringes would be produced by this interftrometer. 

In conclusion, we suggest that the concept of perturbing both the object and reference 

waves may lead to interesting new methods and applications of holographic Interferometry. 

We have Illustrated this In terms of a particular Interferometer.   For thin phase objects, the 

output of this interferometer Is nearly analogous to that of a shearing Interferometer.   For 

phase objects of greater thickness, the results could be duplicated only by physically rotating 

the object between exposures In ordinary two-exposure holographic Interferometry.   This 

would be Impossible If the refractive Index distribution under study varies with time. 
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4 
OPTICAL MEASUREMENT OF SURFACE ROUGHNESS 

4.1. INTRODUCTION 

The purpose of this facet of the Investigation Is to establish the feasibility of measuring 

surface roughness by means of optical interferometry. We examined the interference pattern 

formed by the superposition of li ;ht I earns reflected from a test surface to be measured and 

a reference surface which is assumed to be perfectly smooth. 

It has long been understood that the interference fringe contrast ratio le influenced by the 

mutual coherence of the two interfering beams. In this study the influence of the roughness of 

the test surface on the mutual coherence of the interfering beams Is investigated theoretically 

and experimentally. A definite relationship has been established between the fringe contrast 

ratio and the rms surface roughness. 

In the initial phases of this study a Miuhelson interferometer configuration has provided 

the Interference pattern.  However, in the next quarterly research period, holographic inter- 

ferometry will be applied to this problem.  The Michelson interferometer is strictly limited 

to the study of surfaces which are flat to within a few optical wavelengths.   However, holo- 

graphic interferometry Is applicable to a variety of object shapes and should provide a more 

versatile tool for roughness measurement. In this section the theory of this surface roughness 

measurement scheme is explained in terms of the Michelson configuration, and experimental 

results are presented. 

4.2. THEORY OF THE TECHNIQUE 

The conceptual basis of the present method is Illustrated by Fig. 12, which is a schematic 

drawing of the instrumentation used.  The Instrument is essentially an interferometer, one of 

whose faces is the surface under study (this is assumed to be nearly flat).   The light from the 

laser is split into two components which are reflected from a reference surface and the test 

surface (i.e., u   and u , respectively) and recombined. An interference pattern is formed by 

the recombination of these two light components; the fringe contrast ratio is determined by 

the mutual coherence of the two wavefronts. Assuming that the laser output is perfectly mon- 

ochromatic, then the mutual coherence of the two wavefronts is determined by the roughness 

of the test surface and the reference mirror. Although the reference mirror can be consid- 

ered perfectly flat and smooth, the test surface produces a reflected wave which is rai.dcmly 

phased.   Thus, both the mutual coherence between the wavefronts reflec ed from the test and 

reference surfaces and the fringe contrast ratio are reduced by the rr jghness of the test 

surface. 
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Reference 
mirror 

Collimared beam from laser 

Aperture 'J 
Ui 

U. 

Beam splitting 
mirror 

□ ^Recording 
\'    photographic 

U, 
film 

•Test surface 

77777X7777 

FIGURE 12.   DIAGRAM OF INSTRUMENTATION USED IN ROUGHNESS 
MEASUREMENT 
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Below we will develop the correlation between surface roughness and fringe contrast 

ratio which allows us to use a tr easuremer.t of fringe contrast to measure surface roughness. 

For this purpose it is appropriate to compute the interference pattern obtained in the configu- 

ration of Fig. 12 and to study the relationship of surface roughness to this pattern.   The inter- 

ference pattern is determined by the superposition of the light amplitude components u   and 

u . It is shown in Ref. [10] that these light components are related to the incident light ampli- 

tude u., which includes the pupil funct'on, by the expression 

exp if      * v *r s CC ur.S 
= "C^ JKsVVi» x ^ J ^Vi^xir^Vi^o^ r,s 

dxjdyj (5) 

where x- and y, are the coordinates in the plane of these surfaces, and z is the coordinate 

representing the instant height of the surface relative to the mean surface (i.e., z = 0).   Hie 

phase of the two light components ♦   _ is determined by the distances R     from the mean sur- r,s r,s 
faces to the photographic plate and the light wavelength A.   The variables XQ and y» are the 

coordinates in the plane of the photographic plate, and p      are the complex -eflectlvliy of the r,s 
reference and test surfaces, respectively. 

In writing Eq. (5) for these light components, the following significant assumptions are 

made: 

(1) Hie angle between the normal to the test surface and the incident light propagation 

vector is approximately zero. 

(2) Hie total phase from each point oi\ the test surface to each point on the observation 

plane is represented in the Fraunhofer approximation. 

(3) Shadowing of parts of the surface can be neglected.  Hiese assumptions tend to be 

valid for relatively smooth surfaces and are usuar.y not valid for P"rfaces where roughness 

exceeds optical wavelength. 

A number of observations can be made which simplify the above expressions for u   and 

u .  Hie reference mirface is assumed to be smooth, which means that z(x1y.) = 0 on the ref- 

erence surface.  In addition, the Interferometer is constructed so that R   s R   = R., thereby 

greatly simplifying the expressions for the light components.  Because the film recording 

process Is nonlinear, it is the fringe intensity pattern I which is recorded on the film: 

I = 

where 

KJJ dXjdyjFfrjy^jVSexpikzfrjyj)] 
aperture 

2 

(6) 
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* = *r - «^ 

and 

F = uiexpi^<xoxi+Vi) 

and p i" toe ratio of reflectivities of the reference and test surfaces.   It has been '.ssumed 
that the light components, alter being separated at u,s beam splitter, encounter Identical aper- 
tures at both surfaces. 

TTn relationship between Eq. (6) and the surface roughness Is found using standard pro- 
cedures for computing expected vahiet».   First we make the following observations: 

2 

IK 

I 
1 jj dx1dy1F(pei* + e

lk8) 
aperture 

JJ dXjdy.JJ dXjdy^FF'[(pco8 ♦+ COB kzKpcos ♦+ coskz,) 
aperture aperture 

+ (p cos 0 + sin kz)(p sin ^ + sin kz')] (7) 

where 

z' = zi*\y\) 

and 

F' = Fixft)* 

and where the Integrals are taken over the aperture.  Using this notation, Eq. (7) can be 
written In the following form 

'     =ff dxidyjj dx'dy^FF' 
IKT     ^''aperture     1     1 ^aperture     1 

{p   + p[cos ^ (cos kz1 + cos kz) + sin ♦ (sin kz + sin kz1)] + cos k(z - z')}        (8) 

The Important quantity statistical^ Is the average value of the Intensity I.  Tlie average Is 
considered to be taken over an ens»mble of statistically Identical reflectors (or equlvalently 
over several portions of the surface under study).  It is assumed that the ensemble average 
is the same as the space average 

-Ljj = EJTf(x, y, z)dxdy = jjEf(x, y, z)dxdy 
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The expected value of this ratio can be computed if the following assumptions are made:   (1) 
the statistics of z are known (zero mean); and (2) the ensemble average equals the space 
average. 

Making these assumptions and assuming Gaussian statistics leads to the following expres- 
sion for the expected value of 1/ |K|   [see Ref. 11]: 

Ih^IH 2 
FF'(p   + 2p cos ^ exp 

.2_2 
+ exp -k'a*{l - B[(x1 - x'), iyl - yp]} (9) 

where R is the autocorrelation function for z.  In Eq. (9) a is the standard deviation of z, 
which is the rms surface roughness to be measured.  This expression can be evaluated ap- 
prctimately by neglecting the contribution R to the value of the integral. It should be noted 
that 0 S R £ 1 and that R differs from zero for only a short range of Xj - Xj, y^ - y\.  Thus, 
the error in neglecting this lorm is made arbitrarily small by making the aperture arbitrarily 

large.  TTie approximate value for El jj is given by 

Hie characteristics of the fringe pattern can be understood by interpreting Eq. (10).  The 
integral in the second factor is proportional to the light intensity distribution in the observa- 
tion plane when the test surface is removed.  Hie value of the first factor depends upon inter- 
ferometer alignment. H the interferometer is perfectly aligned (i.e., if test and reference 
surfaces are exactly flat and perpendicular), a uniform light pattern results.   Hie intensity of 
this light pattern will increase and decrease as the position of the reference mirror is changed 
in the z direction. A maximum light intensity is obtained for + = (2N + Ihr, where N is any 
integer. 

On the other hand, if the interferometer is misaligneü dlightly, a coarse Iringe pattern is 
obtained. In this case ^ is a function of the coordinates x«, y0.   Hie maximum intensity occurs 
whenever ^ = 2N7r, and the minimum intensity occurs wherever ^ = (2N + l)ir.   'Hie iringe con- 
trast ratio R is the ratio of the maximum light intensity to the minimum intensity a J expressed 
by the relation: 
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K| /max     E(*V = 0 

(ID 

2     „           (   k2a2l            ,,2   2,                   (   k2a2l p   + 2p exp I j-J + exp (-k a   )    p + exp ^ j-J 

R = : r~7rj\ ry= / kaa2\ 
p2 - 2p exp (-^-j-j + exP (-k a   )     p - exp ( ^- 

Solvlng flq. (11) for the rms surface roughness a yields 

a/2" 27rCT    1 , (R + l) 
^7^ 

(12) 
_P(R - ir 

Using this relationship, the rms surface roughness a can be found by measuring the fringe 

contrast ratio R. 

4.3.   EXPERIMENTAL RESULTS 
Experimental support of this theory has been obtained in several cases using this method 

and comparing the results with surface roughness measured using a stylus instrument. A 

photographic plate is exposed to this intcnerence pattern to obtain a record of the intensity 

distribution. In the experimental work the ilm density was measured using a microdensitom- 

eter and was converted to light intensity Irom which the fringe contrast ratio was obtained. 

Figure 13 contains a pair of photographs taken from two differ? »t surfaces which Illustrate 

typical fringe patterns.   Figure 13a is taken from a surface with a 0.5-Mln rms roughness, 

and Fig. 13b is taken from a surface with a 5-Mln. rms roughness. 

As an example of the accuracy of this method, we measured the roughness of a steel test 

surface which had been lapped to a roughness of 3 Min. (0.075 Mm, as measured on a stylus 

Instrument).  Converting the measured fringe contrast ratio to surface roughness yi» ids 

a = 3.2 ßin. (0.082 ßm). 

A number of surfaces with different surface roughnesses have been measured using this 

inttrferometric technique.   The specimens for ail experiments ware 2-in. steel disks.  The 

surface area illuminated on each sample was approximately 1 cm in diameter.  The surface 

roughness values measured this way have been compared with those obtained with a stylus 

instrument.   For the purpose of comparing these two measurements, the following relative 

error is defined: 
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(a)   rms RoughnesH = 0.5 Min. 

(b)  rms Roughness = 5 a In. 

FIGURE 13.   REPRESENTATIVE EXAMPLES OF INTERFERENCE 
FRINGE PATTERNS FOR VARIOUS SURFACES 
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iri-r
£ 

where r. = rms roughness determined by the interferometric method, and r   = rms roughness 

determined by stylus instrument. 

The Table Is a comparison of rms surface roughness measured by the stylus and by the 

interferometric method.   The fractional error is presented as a numerical comparison.   How- 

ever, the significance of the comparison between these two measured values Is strongly Influ- 

enced by the characteristics of the stylus Instrument.   The variation In successive measure- 

ments made on the same surface with the stylus instrument Is of the same order as this frac- 

tional error.  Moreover, the calibration accuracy of any stylus Instrument Is subject to 

considerable doubt.   Thus, a large fractional error does not necessarily indicate a large error 

in the interferometric surface roughness measurement. 

TTie relative error Increases for surfaces with an rms roughness greater than about 5 

pin. (0.127 ßm).   The stylus Instrument is believed to be increasingly accurate In this region 

of roughness beyond 5- Un. rms.   It Is reasonable to conclude, therefore, that the Interfero- 

.netric roughness measurement is not valid beyond 5 Min. for this optical wavelength (i.e., 
a      1\ ^ 
T ~ F)-   U is reaso.-able to conclude, moreover, that this upper limit to surface roughness 

will increase in proportion to the optical wavelength.  Thus, the range of surface roughness 

which can be accurately determined using this Interferometric method Is nominally 10 A § r s 

F for an optical wavelength X. 

4.4.   PLANS FOR EXTENSION TO HOLOGRAPHIC INTER FE ROME TRY 

Although the principle of Interferometric surface roughness measurement has been devel- 

oped only f jr a Niichelson Interferometer, the mathematical relationship between surface rough- 

ness and fringe contrast ratio Is similar for all Interferometry.  During the next research 

period, the application of holographic Interferometry to surface roughness measurement will 

be investigated both experimentally and theoretically.   The configuration for this study ie 

shown in Fig. 14. 

A hologram of a reference surface (I.e., assumed to be perfectly smooth) Is made with the 

••eference surface occupying the position of the test surface as shown in Fig. 14.   "Rien the 

reference surface will be replaced by a test surface (both surfaces are approximately flat). 

Everv   ffort will be made to maintain registration between the hologram and the location of 

the reference/test surface.   TTie contrast r^tlo of the Interference fringes In the observation 

plane will be studied theoretically and experimentally. 
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TABLE.  COMPARISON OF STYLUS AND 
INTERFEROMETRIC SURFACE 
ROUGHNESS MEASUREMENTS 

i Roughness rms Roughness 
(Stylus) (Interf erometric) 
(Mln.) (filn.) ? 

1.0 0.95 0.05 
3.1 3.2 0.3 
5.0 4.5 0.1 
8.2 6.9 0.16 

10.0 7.8 0.22 
16.0 10.4 0.24 
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Test surface 

Reference 
beam 

Hologram 

Intensity 
distribution ^A/VU 

Observation plane 

FIGURE 14.   HOLOGRAPHIC INTERFEROMETRY CONFIGURATION FOR SURFACE 
ROUGHNESS MEASUREMENT 
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Although It 1B expected that holog- aphlc Interferometry will be applicable to the study of 
surface roughness for objocts of cor plex shape, the initial experiments will be performed on 
flat surfaces.  These surfaces are   ie same ones studied in the Michelson configuration and 
will provide a comparison betwera theory and experiment for known surfaces. 
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5 
HOLOGRAPHIC CONTOURING 

5.1. INTRODUCTION 
Previous reports [2, 3] have contained descriotlons of two multiple-frequency contouring 

techniques based on near-lmage-plane hei' graphy.   "niese are: 

(1) Holographic contouring with auxiliary imaging systems [Ref. 2] 

(2) Holographic contouring by the Lippman process [Ref, 3] 

Typical contour maps produced by each of these techniques are shown In Pig. 15.   The contour 

map In Fig. 15b was produced with the aid of an auxiliary Imaging system which is described 

In the Appendix.   This contour map is clearly inferior to thai shown In Fig. 15a which was pro- 

duced by the Lippman process of holography.   In this section an investigation to determine the 

causes of this difference in quality is described.  Research to date indicates that chromatic 

aberrations caused by the auxiliary imaging system is the primary cause of low quality. 

This Investigation also Illustrates the importance of careful optical alignment of multiple- 

frequency contouring systems which are to be used for making precision measurements. A 

detailed discussion of the opdcal alignment procedure is presented in the Appendix. 

5.2. ERRORS IN MULTIPLE- FREQUENCY CONTOURING WITH AUXILIARY IMAGING 
SYSTEMS 

The lenses used In this experiment were of a very high quality.   They were, however, de- 

signed specifically for telescopic imaging at 6328 A; the specifications were for resolution of 

better than 100 lines/mm over an object field of roughly 4 cm.  These lenses were chosen to 

determine whether they would produce results comparable to those of the Lippman hologram 

contouring system. 

TTie Initial results of the experiment were almost completely negative; contour fringes 

were barely visible even at f/100.  It was suspected that only strong chromatic effects could 

cause such a severe deterioration of contour fringe formation.  On the other hand. It soemed 

unlikely that chromatic effects would be significant for a wavelength change as small as the 

210 A encountered In the experiments.   However, a slmpJe Imaging test showed that the 6328- 

Ä image plane was, in fact, about 2.5 mm away from the 6118-A Image plane.   This measure- 

ment clearly indicated a possible cause of the poor results.  In order to investigate this effect 

further, the experimental setup described In the Appendix was modified to allow the hologram 

five degrees of freedom in movement. 

30 



WILLOW   RUN   LABORATORIES 

NOT REPRODUCIBLE 

(a)   Contours Produced by Lippman Process 

(b)  Contours Produced with Auxiliary Imaging 
System 

FIGURE 15.  COMPARISON OF CONTOUR MAPS 

31 



WILLOW   RUN   LABORATORIES 

After the usu?l real-time contouring procedure had been followed, the hologram was 

moved into the image plane for the real-ll^e wavelength. Due to a misalignment of the trans- 

lation device, certain undesirable lateral translations had to be corrected before the two 

images were superimposed.  The proper translation along the teleticoplc axis had been mea- 

sured roughly as mentioned above. After making this rough adjustment, a trlal-and-error 

search was performed to find the optimum.  Since the telescope axis and the corresponding 

translation table were not perfectly aligned, this search was difficult, and the final position 

probably could have been better. Nevertheless, the contour map obtained by this procedure 

(Fig. 16) was considerably better than that shown In Fig. 15b. Since the translations 1 hologram 

movement made such striking Improvements when a highly chromatic telescope was ised. It 

seemed likely that some similar adjustment would Improve the results obtained with any tele- 

scope.  This possibility was tested b> repeating the experiment used to obtain Fig. 15b.  This 

time the translation procedure described above was follo-ved. 

Before describing the results of this experiment, a further observation should be made 

about the lenses which were used.  VTie shift In Image plane loctlon for different wavelengths 

is due to the change in lens focal length caused by dispersion. Ideally; the separation of the 

two lenses which form the telescope should also be changed when the wavelength Is changed In 

order to maintain a unl; magnification.   This should improve the fringe localization (or Image 

alignment), while simultaneously Insuring that depth contours are obtained.  This was attempted, 

but Insufficient alignment accuracy produced negative results (I.e., no observable Improvement). 

Another measurement of the chromatic effect was made.  This measurement Indicted the 

source of some previously noted, but unexplained, contour fringe errors.  Figure 17 shows 

one of the earliest results obtained with an auxiliary telescope. The curvature of the fringe» 

on the supposedly flat plates behind the coin could not be explained. Curvature Is normal 

since the plates were not optically flat, but It was not clear why the curvature was of the same 

orientation for all four plates. 

One explanation was found by passing a well-colllmated be^m chrough the telescope and 

contouring Its wavefront.  The usual multiple-frequency convourlng technique was followed, 

except a plane wave was used In place of an object wave.  The highly chromatic lenses were 

used In the telescope.  Figure 18 shows a sequence of results obtained using plane waves. In 

Fig. 18a, the real-time interference of a plane wave at 6118 A with its holographic reconstruc- 

tion Is shown.   The fringes were caused by experimental error and were eliminated by using 

higher quality optics.  In Fig. 18b, the wavelength was changed to 63?,8 A, and the reconstruc- 

tion beam was rotated to .minimize the fringe count.  Since the reconstruction beam Is colll- 

mated, the reccastructed w ive Is colllmated.   The curvature ol the fringes is thus due only *o 

the change in chromatic focul length of the telescope lenses. It Is easy to see how this spheri- 

cal phase error could distort the expected linear hinges Into the curved fringes of Fig  17. 

By moving one telescope lens a small distance along the optical axis, we were able to reduce 

32 



WILLOW   RUN   LABORATORIh^ 

NOT REPRODUCIBLE 

FIGURE 16.   IMPROVED CONTOUR MßP PRODUCED WITH 
APPROPRIATE HOLOGRAM DUPLACEMENT 
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FIGURE 17.   CONTOUR MAP WITH FRINGE CURVATURE ERRORS RESULTING 
FROM CHROMATIC ABERRATIONS 
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NOT REPRODUCIBLE 

(a) No Change in Wavelength Be- 
tween Recording and Reconstruc- 

tion 

(b)  Fringes After Wavelength 
Change of 210 A 

(c)  Fringe After Axial Translation 
of Lens 

FIGURE 18.   RESULTS OF CHROMATIC ABERRATION EXPERIMENT 
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the fringe count to the same as that obtained at 6118 A, (Fig. 18c).  The radius of curvature of 
O 

the telescope output at 6328 A for a plane wave is given by R: 

R-5i- 

where f is the focal length at 6118 Ä, and t is the change in focal length between 6118 A and 

6328 A.   The fringes in Fig. 18b give a measure of this curvature.  Considering only the qua- 

dratic term of a Ifeylor series expansion of the spherical wave phase function 0, we have 

The first zero of the Interference would thus be at x» where 

This yields 

2 

«4 
In the case of Fig. 18b, x. is about 1 cm. 

in"4    2 

R =     
10     m.      = 160 m 

0.6 x 10     m 

For these order-of-magnltude calculations, we take f to be 0.5 m. We thus find that 

f2     2500 x 10"4    . 0 £ = ZR =    2- 160     = 0-8 mm 

The total axial displacement of the lens which would be required to remove the effect of chro- 

matic aberration is thus 2c - 1.6 mm.  This is in quite close agreement with the hologram dis- 

placement which experimentally improved contour quality. 

It is therefore concluded that chromatic aberration is a primary cause of poor quality in 

multiple-frequency holographic contou ing when an auxiliary lens system is used to image the 

object onto the hologram plane.  This effect can be minimized by appropriate axial displace- 

ment of the hologram when ... e wavelength is changed. 
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6 
ABERRATIONS IN ACOUSTICAL HOLOGRAPHY 

6.1. INTRODUCTION 

One of ths pr'Tiary difficulties in the practical application of acoustical holography has 

been tho presence of aberrations in the optical image.  These aberrations reduce the resolu- 

tion of the holographic imaging system.  Various distortions of the image shape also occur. 

A practical holographic system must not have excessive aberrations.  A computer simulation 

of acoustical '.olograms was carried out to determine some numerical estimates for the aber- 

rations and to test several techniques for reducing the aberrations by varying the hologram 

geometry. 

This section concerns the aberrations In holographic systems characterized by a ratio of 
-3 reconstruction wavelength to recording wavelength of the order of 10    .   This discussion is 

limited to those systems using a plane reference beam and with tie hologram scaled by a fac- 

tor greater than the wavelength ratio. An in-line hologram geometry is examined where the 

reconstruction beam is placed, such that the image of a selected object point on the optical 

axis has zero aberrations.  The aberrations for off-axis object points are then calculated. 

For off-axis holograms, a technique for balancing spherical aberration and astigmatism has 

been modified for application to scaled holograms. Some general rules for the optimum re- 

cording geometry are developed.  The aberrations for the balanced off-axis system are cal- 

culated auc> compared to those of the in-line system. 

6.2. BACKGROUND 

Aberrations In holographic imagery have been studied previously by Leith, et a.\ [12], 

Meier [13], and Champagne [14]. Aberrations ara present In holography when certa'n well- 

known geometries are not used in the hologram reconstruction. If the hologram is recorded 

at cne wavelength, A , and reconstructed at another wavelength, X , aberrations may be avoided 

only if the hologram and the reconstruction geometries are scaled by a scaling factor m X /A . 

The recording of holograms using microwaves and ultrasonic waves is being studied [15, 
-3 1^]; the wavelength ratios, n, are typically on the order of 10    .  The recording of acoustical 

holograms is accomplished through measurements over a range on the order of 1 m.  These 

two conditions present slguJlcant problems if the hologram is to be scaled to eliminate aber- 

rations.  Hie scaled hologram will be on the order of 1 mm In diameter. 

A partial scaling by a factor of m > ß is more .-«adily realizable.  TTiis is standard pro- 

cedure for those holographic systems using a scanning detector.   The output of the detector Is 

usually recorded on film with a CRT device. 
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If we are to obtain good imagery using ultrasonic or microwave holography, it is necessary 

to determine what recording and reconstruction geometries should be used to reduce the aber- 

rations to an acceptable level.     In particular, we would like to discover a technique for find- 

ing such an acceptable geometry. 

6.3.   SYSTEM DESCRIPTION 

In our examination of this problem, only plane wave reference beams were used.   This 

simplifies the implementation of an electronically Introduced reference beam In scanning-type 

recording devices.   Furthermore, the following values were chosen as typical constants for 

the numerical calculations [lb, 161: 

A    = 6.328     lO'7 m 
c 

A    = 3.750 x 10'4 m 
o 

fj = 0.00169 

Diameter of unsealed hologram = 1.0 m 

Scaling factor:   m = 0,05 

We have chosen Champagne's notation (Fi^;. 19) and expressions for the Gaussian image points 

and aberrations [141.   In this notation the position of a point source or Image such as point 

Q in Fig. 19 io specified by R, a, and ß.   For a plane wave source, we specify only a and ß and 

let R go to infinity in our expressions.   The subscript q in Fig. 19 can be any of the following: 

i     image beam; c = reconstruction beam; o = object beam; r = reference beam. 

Champagne obtained his expressions by matching the phase of the reconstruction beam 

after it had passed through the hologram with that of a hypothetical point Image.   The phases 

were expanded in a power series.   TTie first order terms yielded the Gaussian Image expres- 

sions: 

i        C     m   \ o        r/ 

sin a. - sin a   ± —(sin or   - sin a ) (14) i c     m o r v    ' 

cos «. sin ti. - cos o   sin ß   ± -Hcos a   sin ß   - cos a   An ß  ) (15) 
ii c c     m o o r        ' r v 

*We refer to Ref. [171, page 204:   'In ordinary ins fruments, the wave aberrations may be 
as much as 40 or 50 wavelengths, but in instruments ut KI for more precise work (such as as- 
tronomical telescopes or microscopes) they must be reduced to a much smaller value, only a 
fraction of a wavelength." 
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Q(Xq, Yq, Zq) 
r 

Y > 

1  V ^r-*— _p(x, y)/ 
ins 

m y |/^ Hologram 
ly^      Plane 

z O 

nGURE 19.  COORDINATE GEOMETRY OF AN ARBITRARY POINT 
SOURCE.  Q is at X   Y , Z  In form of a hologram In the X, Y plane. 
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The thuu-order terms yielded the aberration expression: 

Wave aberration = A = 

c 

i r i 4 - -TTP S spherical aberration 

1   2, + jp (pC   cos <)> + pC   sin 0) coma (16) 

1/ 2A 2 ,      2A      ,  2 , - jj-lp A   cos    * + p A   sin   0 

2,.' A      stn * cos $]\ astigmatism 

where 

sin a /sin a      sin a \    sin a. 

cos a   sin ß /cos a   sin fl      cos a, sin 3, \    cos a  sin ß „ c       Hc       M I o       Ho i        ^1 r       Kr /in> cv=—ir-' ^l"—«"2 ;?—] —Rr-      (,9, 
c \ o r     / I 

2 /    2 2\2 sin   a Bin   a      sin   a \    sin   a. 

c        m   \        o o 

2 2 I     1 2 2 2\22 cos   a   sin   /i /cos   a   sin   ß      cos   a   sin   ß \    cos   a, sin   ß. 

\- R ^ 1 R ^ R—i «" J c m  \ o r / i 

sin a cos a sin ß /sin a cos a sin ß sin a cos a sin ß \ 
. c c c ßl o 00 r rrl 

A      =  -R t -^ n ü- 1 
' c m  \ o r / 

sin a, cos a. sin ß. 
1 1 1 
 IT 

1 

(22) 

where the upper sign refers to primary image, and the lower sism refers to conjugate image. 
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6.4.  IN-LINE HOLOGRAMS 

For an In-line hologram geometry, coma and astigmatism are zero for a point object on 

the optical axis.   To eliminate aberrations completely for a point object on the optical axis, it 

Is a simple matter to set S, the spherical aberration coefficient, equal to zero for a specific 

recording geometry.   Using Eq. (13) for R. and setting S = 0, we obtain 

UlA^-hO (23) *l iH-te ^"Wi? 
TTie solution of this equation for R   In terms of M, m, and R   gives us the desired reconstruc- 

tion geometry.   For this geometry, the image of a point object on the optical axis at distance 

R   from the hologram will be free of aberrations. 

In practice, we are usually more concerned with a two- or three-dimensional region than 

with a single point object. We therefore calculated the aberrations for the Images of point ob- 

jects in the vicinity of our Initial object point, keeping the same reference and reconstruction 

beams. We have plotted the aberrations as a function of a   in Fig. 20 and as a function of Ro 

In Fig. 21.   The aberrations due to a variation in ß   are identical to those due to a variation in 

a   because of the symmetry of the system. As expected, the aberrations increase as the object 

point is mox'ed away from the aberration-free point. We note that by restricting the size of the 

object, the maximum aberration can be kept at an acceptable level. 

6.5.  OFF-AXIS HOLOGRAMS 

Hie presence of aberrations is not the only factor that degrades holographic Images.   The 

use of in-line geometry results In the simultaneous presence of light from the primary and 

conjugate images and undlffracted light. Separation of the desired Image can be accomplished 

by nnincr z*i off-axis geometry. If the minimum spatial frequency component of the object beam 

is greater than the spatial frequency of the reference team, the image beams will be separated. 

The use of off-axis reference and object beams, however, Introduces coma and astigmatism 

for all points in the object field in the geometry of interest here.  We can appreciate the mag- 

nitude of this problem by examining the aberrations that result for a point object when the re- 

construction beam Is a plane wave and Is Identical to the reference beam.   For example, if we 

have plane wave reference and reconstruction beams at 

a   = a   = 45.0° 0=0= 0.0° re 're 

and a point object at 

R   = 0.5 m a   = 0.0° ß   = 0.0° 
O 0 0 
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HO 

\    = 3.75 ^  10      m 
0                          -7 *.    = 6.328 >  10      m c 

ß    = 0.0° 

R    =   -0.0446 m c 
m = 0,05 «c = 3c = 000 

R    = 0.5 m 
0 

-5.0       -4.0        -3.0        -2.0       -1.0 0 1.0 2.0 3.0 4.0 5.0 

a    (degrees) 

FIGURE 20.   MAGNHUDE OF THE WAVE ABERRATION Ul VS. a 

01 

% 

X    - 3.75 x 10      m 
0 -7 X    = 6.328 ^ 10      m c 

S    = 0.0C 

a    = ß    = 0.0° c      Kc 
R    = 0.0446 m m = 0.05 c 

Reference beam is plane wave at a    =0    = 0.0° r        r 
Hologram diameter at recording - l.G m 

50 

40 

30 

20 

10 |— 

0 
0.45       0.46       0.47       0.48       0.49       0.50        0.51       0.52       0.53       0.54 

Ro(m) 

FIGURE 21.   MAGNITUDE OF THE WAVE ABERRATION Ul VS. R 

0.55 

42 



WILLOW   RUN   LABORATORIES 

The total wave aberration Is .06 \.  If we choose to have the object beam off axis with, for ex- 

ample, 

R   = 1,0 m a   = 45.0° ß„ = 0.0° 
O 0 0 

and place our plane wave reference and reconstruction beams at 

a   = a   = 0.0L 

r      c 
0r = ßc = 0.0^ 

the wave aberration is 305 X.   In almost all situations, thJ aberrations in these examples would 

be regarded as excessive. 

6.6.  ABERRATION BALANCING 

Significant reduction in aberrations in holograms recorded at one particular wavelength 

and reconstructed at a different wavelength have been reported when an aberration-balancing 

technique is used [18j.  We will limit the discussion to systems in which ßo = ßr = ß. = 0.   The 

aberration-balancing technique first sets the coma coefficient C   equal to zero.  We then set 
the maximum value of spherical aberration equal to minus the maximum value of astigmatism. 

Hie maximum value« of spherical aberration and astlgmatlcm occur at 4 = 90° and p = 

p       . (Fig, 19). We therefore write maximum 

8lna
c    

8lnfl(l      u( o 

14 1        1        u/  1        1 

|_ C I \   O Tj 

2 2 sin   a      sin   a 

12 
Ipmax 

(24) 

2 2 /    2 2 sin   a      sin   a, /sin   a      sin   a , c I .    u / o rl 

•I    ^"^ 

(25) 

For a given reference beam and point object, we have a set of four equations, (13), (14), 

(24), and (25), with four unknown variables, R , a . P., and a..  Solving the equations for a. 

and R , we obtain c 

G + 2FGR. + GF2R2     -2 

sin a   = c 
c    DRc 

2FR. ■?;?■ 
(26) 
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and a fourth-order equatijn for R 

R4 pnHBF4 + ^F7 + D2F - EF4   + R
3(Jp2      F6 - p2      F3B + 2GF2D - F4G2 - 4EF3) c\     4 4 /       c\4Kmax ^max / 

where B ^ ± -^ri —x K 
m4\RJ     RJ 

O T/ 

ein a      sin a 

/sin' a      sin   a 

m 

p2      F5 - p2      BF2 + 2GFD - 4G2F3 - 4EF2 

max 

+ R (ep2      F4 - 6G2F2) + fap2      F3 - 3G2F) = 0 cV ^max /     \ 'max / 

!) 

(27) 

G = ± -Hsln a m a sin a ) r 

where the +(-) sign is for the primary (conjugate) image.  We will solve Eq. (27) for R   numer- 

ically. 

"Hils method differs from the previously reported work [18] since the hologram scaling 

factor has been Included in the calculations.   Furthermoi t, the variables In the recording 

geometry are the independent variables rather than the dependent variables.   This permits us 

to restrict the recording geometry to within the bounds set by the equipment.  In particular, 

the reference beam can be restricted to be only a plane wave.   In addition, once the reconstruc- 

tion geometry has been determined by Eqs. (26) and (27) for a specific otject point, which we 

will term the compensated point, the aberrations for the Images of point objects near the com- 

pensated point can be readily examined. 

From Eq. (16) we see that while spherical aberration varies as the fourth power of the 

holograTi coordinate, astigmatism varies as the second power.  We also note that while spher- 
2 

leal aberration is independent of ^, astigma 'nn varies as cos   ^ (assuming that ß   - ß   - ■< 
4. 
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ß  = 0.0°).  Tt Is therefore evlcent that the aber rat ion-balancing technique as deb bribed by 

Eqs. (24) and (25) will not eliminate the aberrations over the holog^m surface but will merely 

reduce them.  We would expect that the degree of reduction of the aberrations wfll be a func- 

tion of the recording geometry variables, which are the independent variable., jf Eqs. (26) and 

(27).  We will examine this functional dependence by independently varying a   and a .  We de- 

fine iA        i as the maximum deviation of the actual wavefront from the Gaussian sphere max 
wavefront over the hologram surface.  Wf will use |A        I as a measure of the aberrations. " max 

We first arbitrarily set a   - 45,0°, and R   = 0.5 m.  We then vary oi .   For each value of 

a , the reconstruction geometry is determined by Eq. (26) and (27).  Thj value of IA        | for 

the compensated point, a function of a , is plotted in Fig. 22.  We see that as la I increases, 

|A       I decreases.  Separation of thr primary and conjugate Images will occur for a   < 0.0 . 

We can also set a   = -45.0°, and R   = 0.5 m, and vary o .   Fcr each value of a , the reconstruc- o ' o ' '   r r' 
tion geometry Is determined by Eqs. (26) and (27).  The value of (A        | for the compensated 

ITlclX 

point, a   = -45.0° and R   = 0.5 m, is plotted as a function of a   in Fig. 23.  We see that as a 

decreases, [A        I decreases.  Separation of the primary and conjugate images occurs for 
Hiäx 

a   < 27.5°. r 

We naturally want the smallest possible value of (A        |.  We therefore attempt to com- 

bine the two effects noted by selecting a large value for lot  I and small value for la |: 

a   = 75.0° R   = 0.5 m a   = -10.0° o o r 

The reconstruction geometry and conjugate Image location are determined by Eqs. (26), (27), 

(13), and (14) to be 

R   = -0.0448 m o   = -29.59° R. = -0.0423 m o. = -32.16° c c 1 i 

For the compensated point, |A        I = 2.0 A.   This Is a significant reduction In aberrations. 

As we will seldom want to Image a point object, we must examine the aberrations for the 

images of object points near the compensated point.   For these points, coma will not be zero, 

and the effectiveness of balancing spherical aberration and astigmatism wUl be decreased.  It 

is necessary to examine the aberrations for ther<e points.   Using the reference and reconstruc- 

tion beams in the last example, the object beam was varied about the compensated point and 

the aberrr'lons calculated.   The value of [A        | IS plotted as a furxtlon of R , a , and 3   In max       K o'   o' o 
Figs. 24, 25, and 26, respectively. 

Comparing the aberrations of the In-line geometry (Figs. 20 and 21) to the aberrations of 

the off-axis geometry (Flfrs. 24, 25, and 26), we see that In the lateral directions away from 

the compensated point, the aberrations Increase at a much slower rate for the off-axis geom- 

etry.  The depth of field Is, however, greatly reduced for the off-axis geometry.  This would 

not be a problem if plane-to-plane imaging Is desired. 
45 
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120 

c 

> 

A    = 3.75 o 10 ^ m \    = 6.328 x 10 c 
1.0 m Hologram diameter at recording 

Reference beam is plane wave at a    - 45.0°, ß    = 0.0° r r 

a    (degrees) 

FIGURE 22.   MAGNITUDE OF THE WAVE ABERRATION IAI FOR THE COM- 
PENSATED OBJECT POINT VS. a0.   For each value of a0, the reconstruction 
geometry is calculated according to the aberration-balancing technique.   The 

wave aberration is then calculated using the new values of a0, Rc, and ac. 
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55 i— 

ar (degrees) 

FIGURE 23.   MAGNITUDE OF THE WAVE ABERRATION U I FOR THE COM- 
PENSATED OBJECT POINT VS. ar.   For each value of ar, the reconstruction 
geometry Is calculated according to the aberration-balancing technique.   The 

wave aberration is then calculated using the new values of nr, Rc, and i»c. 
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0.05, R    =  -0.0448 m, a 
'    c c 

-29.59°, 3    = 0.CC 

0.01, R 

X    -- 3.75 >  10      m 
o 

-0.0120 m, a    =  -24.46°, ß„ = 0.0« 

X    = 6.328 x 10     m      m = 0.05 
c 

Hologram diameter at recording = 1.0 m 

Reference beam Is plane wave at ar =  -10.0°, 0r = 0.0° 

0.49 0.50 

Ro(m) 

0.51 0.52 

0.0o 

0.01 

VS. R0 USING nGURE 24.   MAGNITUDE OF THE WAVE ABERRATION IA 
ABERRATION BALANCING.   The reconstruction geometry is calculated for 
the object point, R0 = 0.5 m, a0 = 75.0°, 30 = 0.0°, according to thf aberra- 
tion-balancing technique.   For each value of m, Rc andofp, the wave aberra- 

tion is calculated as a function of RQ, with «0 = 75.00 and p0 = 0.0°. 
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When m = 0.05, R 

When m = 0.01, R 

X    = 3.75 * 10 o m 

-0.0448 m, a    - -29.59°, ß    = 0.0° c c 
-0.0102 m, or    = 24.46°, ß    = 0.0° 

X    = 6.328 v lO"7 m        m = 0.05 c 

Reference beam Is plane wave at a   = -10.0°   ß    = 0.0° 

FIGURE 25.   MAGNITUDE OF THE WAVE ABERRATION IA I VS. OQ USING 
ABERRATION BALANCING.  The reconstruction geometry is calculated for 
the object point Rf = 0.5 m, Oj, = 75.0°, 0O = 0.0°, according to the aberra- 
tion-balancing technique.  For each value of m, R«. and ac, the wave aberration 

is calculated as a function of a0, with K0 = 0.5 m, and ß0 - 0.0°. 
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FIGURE 26.   MAGNITUDE OF THE WAVE ABERRATION IA| V6. ß0 U8INO 
ABERRATION BALANCING.  The reconstruction geometry LB calculated for 
the object point RQ = 0.5 m, «0 = 75.0°, ß0 = 0.0°, according to the aberra- 
tion-balancing technique.  For each value of m, Rj. and ac. the wave aberration 

is calculated as a function of 0O, with R0 = 0.5 m, and OQ = 75.0°. 
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ft U important to note that for the off-axis hologram, the lateral magnification in the a 

direction varies from 0.6 x 10'   at a   = 80° to 1.2 x 10"   at a   = 70°.   The longitudinal mag- 

nlfir^tlci remains constant to the Indicated accuracy at 2.8 x 10"  .   The large variation in the 

lateral magnification, Indicative or significant distortion, Is due to the large value of a .   By 

decreasing a , we can reduce this variation In lateral magnif.cation, but at the same tims we 

reduce the effectiveness of the aberration-balancing technique.  We examine this prob">.'m by 

choosing for our compensated point R   = 0.5 m and a   = 45.0° and by setting a    - -25.0U for 

proper ima^e separation.  The reconstruction bear,  is given by Eqs. (2?) and (27) as R   - 

-0,0469 m and a   = -18.24°.   Figures 27, 28, and 29 show the aberrations, U   -I, for object 

points near the compensated point,   The lateral magnification in the a direction varies from 

2.4 x 10"   at a   =40° to 2.0 x 10"'' at a   = 50°.   The variation in lateral magnificstMon has de- oo 
creased although IA       I has Increased by approximately 16 X.   For comparison, the lateral max _« 
magnification for the in-ltae hologram was virtually constant at 2.8 x 10" . 

We Initially set the hologram scaling factor m at 0.05.   This was arbitrary since most 

CRT film recorders can be used with various scaling factor*.   It therefore seemed reasonable 

to question the choice of m - 0.05. We found, however, that there was negligible change ir the 

aberrations as m was varied until it was within r factor of 2 or 3 of M.  In Figs. 23, 24, and 

25, we have superimposed the aberrations for a system with the same recording geometry, 

but with m ~ 0.01.  These curves reveal a very small change In IA        |.  As m approaches M, 

th? aberrations for all object points go to zero.  In all geometries .hat we tried, the aberration- 

balancing technique provides the aberration f; ee-geomctry. If one exists. 

6,7.  CONCLUSIONS 

We have seen that the use of an aberration-balancing techni^ ie greatly reduces aberra- 

tions in off-axis acoustical hologram».  Variations In l&iural magnification as a function of a 

indicate the presence of significant distortions.  TT-ese can be reduced at the expense of In- 

creased aberrations.  B large objects are to be Imaged, an explicit calculation of the distor- 

tion and curvature of field will be necessary In order to analyze the Image quality. It appears 

that off-axis holograms will be most useful for the examination of small objects.  Hit large 

amount of calculations, specifically for the aberration balancing, were accomplished relatively 

easily with the aid of a digital computer. 
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X    = 3.75 x 10 o 

0 0469 m. a, = -18.24°   ß    = 0.0° 

m      in = 0.05 m    X    = 6.328 * 10 c 
Hologram diameter at recording = 1.0 m 

Reference beam is a plane wave at »   = -25.0°, ß 0.0° 
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FIGURE 27.   MAGNIT'JDE OF THE WAVE ABERRATION |A1 VS. R0 WITH THE 
OBJECT POINT NEAR TH!E COMPENSATED POINT.   The reconatnjetion geometry 
is calculated for the object point RQ = 0.5 m, OQ = 45.0°, ß0 - 0.0°, according to 
the aberration-balancing tiichnlqut.   The wave aberration is calculated as a func- 

tion >f R0, with a0 - 45.0° und ß0 = 0.0°. 
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FIGURE 28.   MAGNfTUDE OF THE WAVE ABERRATION |A| VS. a- WITH THE 
OBJECT POINT NEAR THE COMPENSATED POINT.   The reconstruction geometry 
is calculated for the object point RQ = 0.5 m, OQ = 45.0°, ß0 - 0.0°, according to 
the aberration-balancing technique.   The wave aberration is calculated as a func- 

tion of a0, with R0 = 0.5 m, and 30= 0.0°. 
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FIGURE 2«.   MAGNITUDE OF THE WAV2 ABERRATION j ii I VS. ß0 WITH THE 
OBJECT POINT NEAR THE COMPENSATED PCIMT.   The reconstruction geometry 
is calculated for the object point R,, = 9.5 m, OQ = 45.0°, ßQ = 0.0°, according to 
the aberration-balancing technique.  The wave aberration is calculated as a fmc- 

tion of a0 with R0 = 0.5 m, and a0 = 45.0°. 
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APPENDIX 
AUGNMENT PROCEDURES USED FOR MULTIPLE-FREQUENCY HOLOGRAPHIC 

CONTOURING WITH AN AUXILIARY TELESCOPE 

A.l.  INTRODUCTION 

Tills appendix describes In detail the allgnnunt procedures used in sotting up the major 

experiments perforrr.od.  The first objective of alignment is to obtain interference fringes con- 

taining depth information about the object.   The second objective is to force the contouring 

surfaces to within certain error bouw'j of the desired set of contouring surf.x<is.   Most of the 

work described here was performed to obtain plane contouring surfaces parallel to the holo- 

gram surface.  The flnt task is to obtain a well-colllmated beam. 

A.2.   EXPANDING AKL COLUMATING A I ASER BEAM 

The two technique» jsed In the experiments to verify the colllmatlon of the be&ms were 

aulocolllmatlon and wedge interference.  These techniques were «squally accurate when care- 

fully performed, but ;he wedge Interference method was quicker and more convenient.   Both 

will be described after a brief discussion of tlr optimum colllmatlon to be expected from 

typical lasers and optics. 

According to Innes and Bloom [19], the minimum spot size from any source must, by 

reciprocity, be physically realizable Itself as a source of light which has a radiation pattern 

similar to that of a 'ocused beam.  Furt'ter, they assert that the smallest such source is an 

"electromagnetic dlpole whose radiation pattern Is characterized as follows:" 

E=Kcosö    05ÖS 180° (28) 

where K Is an arbitrary constant, E   Is the transverse electric field, and 9 Is measured from 

*he optic axis." Their calculations from such a radiation pattern Indicate a minimum tpot 

size r'. roughly 1 X In diameter. It is interesting to note that an f/1 optical system ca/ realize 

this minlmv m for a Gaussian laser beam.  Correspondingly, lunes and Bloom's calculations 

indicate that smaller f-number optical systems could not reduce the spot size; also, at f/: 

the effective source Is spherical for Gaussian laser beams.  The Inherent flnlteness of the 

source will preclude perfect colllmatlon. A simple way of showing this is to use the thin len.- 

equatton 

where d. Is the distance of the source fro.n the lens, d. Is the distance of Its Image from the 

lens, and f Is the focal length of the lens. Since the source Is fiilte, d. takes on a range of 
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values so that d. can be infinite (corresponding to a collimated beam) for only one point of the 

source.   We can, however, calculate a value cL       for sorr.i arbitrary fraction of tne light. 

We assume that the central point of the source Is at the focal point of the lens so that 

Eq. (29) becomes 

«• \ere e Is the radius of the effecthe source.  We thus find that 

|d2min[=^ <31) 

where e has Men set equal to A/2. For source points off the lens axis, the light will also di- 

verge even when collimated. A spherical wave of aperture A = 2x and radius R(e) would 

have a corresponding maximum spatial frequency at the lens pHne If 

max     el ,no\ 
wmax=xl!^ = R = 2? (32) 

Taking the ra*«o of Eq. (32) to (31), we have 

4)  , max      max    F /„,> 

so that F = 1/2 apnears to be an approximate breakpoint In the relative Importance of lateral 

and longitudinal source dimensions. 

A typical example might be to use a colllmptlng lens with the following specifications: 

f = 24 in. 

F =4 

2x        =6 in. max 

X = 0.63 >-m 

and to use an f/t microscope objecti"* *o form the source. We would then have: 

2mln        X      0 63 x 10-6 
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*($- 
^jn« B 0A104 ~ 1.2 x 105 

0.6 x lO'6 

Obvioueiy, the lateral size of the effective source is critical in this example. If the laser 

beam is not Gaussian due to multlmodes or simple optics noise, the corresponding lateral 

spread In the effective source could easily reduce R(e) by a lother order of magnitude. 

A.3.   ERRORS DUE TO AN UNCOLUMATED OBJECT ILLUMINATION 

The error phase distribution across the object for uncollimated illumination 'a given ap- 

proximately by 

2\ 
(34) /2.Vx2N 

where R is the radius of curvature of the illumination, x is the lateral coordinate of the plane 

object, and X     equals X1A,/2|AA|. If we require that the phase error be less than v/4, wc eu 1 & eq 
have the condition 

^ 
(35) 

This condition can be rewritten 

vi-V¥ (36) 

Below Is another example.  For 

x        =2 cm max 

>.     = 10 /im 

we find 

_ , 4.4 x 108     16 x IQ8 ßm 

R 2 1.6 x 102 m 

The above example, relative to the first example, certainly indicates that collimation errors 

should not be serious.  But neither example considered chromatic or other aberrations of the 

lenses. 
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A.4.   A SEQUFWTiAL OUTUNE OF SETUP PROCEDURES 

One of the first rcquirenu.nts for an accurate alignment of a holographic measuring sys- 

tem, si-ch as multiple-frequency holographic contouring, is to direct the laser beam parallel 

to and at a convenient height from the surface of the optical table.  A conver.ient height Is gen- 

erally determined by the h  ight at which the large optical elements can easily be mounted. 

Once the laser beam is positioned at a convenient height, the beam is directed through a 

skeleton of the desired setup.   This procedure is diagrammed in Fig. 30.  The skeleton setup 

ic shown in Fig. 30ru 

The first objective is to have the reference and object beam arms of the interferometer 

either equal in length or at least coherent :t the hologram plane.  Most lasers can be operated 

single mode, so that coherence length adjustments mav be unnecessary.   Next, the object is 

reflected at 45° by a beam splitter and Is incident normal to the object-mounting mirror.   Care 

is taken at all times to keep the laser oeam at the chosen height above the working surface. 

The reflected beam from the object mirror then Is Inclcent onto a mirror In the approximate 

position of the hologram plane.   This mirror is rotated until noimal incidence Is obtained. 

The alignment plate shown crji be used to line up the many reflections obtained wher, the holo- 

gram mirror and the object mirror are parallel and normal to the object Illumination mirror. 

Up to this point, the procedure is generally quite precise 

The steps shown In Fig. 30b are considerably more difficult to accomplish with great pre- 

cision.  The problem Is to Insert the lenses with their optical axes coincident with the laser 

beam and in the correct position to perform their function.   Variable apertures are placed in 

the beam at several locations to record Its position before any lenses are inserted.   The aper- 

tures are then closed until they Just pass the laser beam.   Colllmatlng lenses L. and L» are 

placed in the beam at the approximate positions shown.   The placement of these lenses is 

aided by multiple reflections from their surfaces In combination with the alignment apertures. 

The lens-pinhole devices (temporarily without the plnholes) are then placed In approximate 

position.   The lens pinhole devices should have a mechanism for precise translation lateral 

and parallel to the laser beam.  The devices are moved parallel to the laser beam until olll- 

mated beams are obtained; the collimatlon techniques are described later. Once collimatltn 

occurs, apertures A, and A. (which were opon during collimatlon procedures) are closed 

down again. If the beams which passed by A» and A. do not pass through A, and A-, respec- 

tively, then latsral adjustment of the lens-pinhole devices will allow the necessa y corrections 

to be made.  The plnholes are then positioned at the focal points of the microscope objectives 

to filter out as much noise as possible without showing diffraction effects. All that remains 

now is to Insert L. and than L.; the lenses L, and L4 sh^wn here ire of equal focal length f 

and are separated by 2f which gives unity magnification.  The aperture of the objective lens 

L„ must be large enough to gather the desired cones of light from all object points; a rule of 
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(a)  Basic Beam Alignment 
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(b) Insertion of Optical Elements 

FIGURE 30.  SCHEMATIC DIAGRAMS OF ALIGNMENT PROCEDURE 
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thumb is that the useful aperture of L- should be about twice the diameter of the object.   First 

L   is placed in position and centered, and X. and A- are opened.   The.. Lg ♦» placed In tne 

beam and adjusted while shifting A, 'z obtain autocollimatlon from L4, the hologram mirror, 

and A,.. 

Finally, the object Is mounted with known orientation in respect to the object mirror, and 

the hologram plane is moved more exactly into the image plane of the telescope.  In some 

cases, the accurate orientation of a diffuse object can be an extremely difficult task.   An op- 

tional adjustment is to remove the beam splitter and Illuminate the object from off axis.   This 

will require some form of angular adjustment for the two different wavelengths if depth con 

tour surfaces normal to the optical axis are denired.  The advantages are that the object Illu- 

mination is brighter, and the aberrating effects of the beamsplitter are eliminated. 

A. 5.   AUTOCOLUMATION 

Perhaps tne most commonly used chock of beam colllmatlon Is autocollimatlon.   The ex- 

panded beam to be colllmated Is reflected back upon Itself, and the lens-plnhole assembly Is 

moved until the reflected energy passes back through the plnhole.  Finer adjustments can be 

made by maximizing a portion of the light energy reflected back through the plnhole if such 

energy Is available.  Another good adjustment Is to deflect the reflected spot slightly off the 

plnhole and maximize the speckle size In the scattered light. When the energy-meaaurlng ad- 

justment le used, accuracy Is a function of the plnhole diameter and thickness.  For the typical 

10-^m In diameter plnhole and f/4 colllmatlng lens, U.« plnhole can be located to within about 

20 /jm. 

A.6.   WEDGE INTERFEROMETER TECHNIQUES 

The wedge interferometer concept is illustrated in Fig. 31a.  A point source lllumlnateb a 

wedged beamsplitter, and an Interference pattern Is observed In plane P.   For simplicity, we 

assume that the btamsplltv ar uses two virtual point sources which a*., separated by a distance 

dependent on 0, A Ö, t, and R as defined In Fig. 31a. Since R Is very large when the interference 

fringes become visible to the eye, we will ignore the aberrations on one of the wavefronts leav- 

ing the beamsplitter.  TTie coordinate system and the experiment are arranged to keep the 

first surface virtual Image at (o, z).  The location of the second surface virtual Image Is taken 

to be at ,Ax, z + Az) where Ax(i9, AS, t, R) and Az{ö, A9, z, R) are nontrlvlal functions.   For 

the moment, we Ignore the functional form of these quantities and simply express the fringe 

pattern in terms of Ax and Az. 

The phase difference (A*) In plane P can be written 

A* = ^[Vx2 I z2 - V(x - Ax)2 7(2 I Az)2] (37) 
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(a) Wedge Interferometer 

2 

•(Ax. Z+AZ) 

(0.Z) 

(b) Coordinate System 

FKJUAE 31.  CONFIGURATION FOR WEDGE INTERFEROMETER T2CHNIQUES 
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Making use both of the fact that z/x is considerably greater than unity and of the usual Taylor 

series expansion of the square roots, we have 

A<p = (2)i\-2zAz - (Az)2 - (Ax)2 +2xAx 
■"ST 

For simplicity and at no conceptual loss, we consider the fringes for an area symmetric about 

the origin, i.e., the are? is bounded by -xM and +x...  The total fringe count is 

N = 
A»(xM) - ^(-xM) 

 Zi (38) 

. 2x., Ax 
Ml 

~Z = (9^ 
We caa .ipproximate the quantity Ax by 

Ax = Ax(t, 9) - At)-R 

This yields 

N = (^-)|2xMrAx(t, ö)- AÖ-R]| 

Obviously N depends on the sign of Ad.  As z becomes infinite, however. 

N- 
2xMRA9 

Xz 

(39) 

(40) 

We thus see that the limiting value uf N is Independent of the sign of the wedge angle. In 

other words, the fringe count should be Independent of a 180° rotation of the beamsplitter. 

Typically, the accuracy of a fringe count change Is to within one fringe. This corresponds to 

a minimum radius of curvature given by the following relation: 

A.     if    /2ir\    XM (41a) 

or 

4x 

^N 
M 
\ 

1/ xw = 7 cm, and X = 0.6 ^m, we find 

«M 
40 x 10     .   r   - ,n3 

1N     36 x 10' 

(4lb) 
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For the autocoUlmatlon techniques, we estimited 

_ f2 _ 25 x 10'2 , 1n4 
^N 

T"^7IF  10 m 
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