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Àpp).ication of Denisyuk pulseo holography to material testing

R.L. van Renesse ar¡d J.l{. Burgmeì.jer

Institute of Applied Physics TNO, P.O. Box 155, 2600 ÀD Delft,

the Netherlands

Abstract

hAren holography is applied outside the laboratory, some rvell known problems are
experienced: vibratj.ons, rigid body rnotion, stray daylight. Pulsel holography can overcome
the difficulties with vj-brations but the other problems are less easily solved. When the
object area to be holographicaLly tested is small, a very simple and convenient method may
be employed, which was earlier described by Neumann and Penno; they fixed the hologram
holder rigidly on the object under test, thus avoiding rigid body motion of the object with
respect to the hologram. In a similar configuratlon Denisyuk reflection holograms are made
without any necessity of darkening the environment. The authors believe that the main reason
that this technique is not widely used, is due to dlfflculties generally encountered in
processing the Denisyuk hologram to gooC guality. À sinple processing technigue is described
resulting in high guality reflection holograms which may be analysed by microscope up to
interference fringe densitj,es of about 30 fringes/mm. Às examples the resul,ts of a projec-
tile impact study and the study of early fatigue crack detection in a critical aeroplane
structure uiIl be presented.

I. IntroductÍon

Surprisingty the history of wavefront reconstruction by recordj-ng standlng waves in a
vol,ume-medium, appears to date back as far as 1810, when Goethe's extensive work on chro-
matics is publisheC.r In this work we read the findings of T.J. Seebeck that silver-chloride
under circumstances tends to adopt the color of the light it is exposed to. Along thj.s
prj,nciple the first color photographs were inadvertently maôe by E. Beckerel about I848,
who was unaware yet of the underlying principle.

Àfter w. Zenker's explanation of the phenomena through the theory of standing light
waves in 1868 it was the celebrated M.G. Lippmann who in l89l succeeded in making brilliant
color-photographs of excellent keeping quality that have stood the tooth of time and can
still be founil reconstructed in some musea.' It was soon recognized that color photography
e¡as to be developed along more practical lines and thus the fascinating technigue of
Lippmann photogfaphy became of onJ,y academic interest. It must be emphasized however that
at the turn of the century the fabrication of slmple volume refl-ection holograms was prac-
tically possible and was in fact accomplished by H.E. Ives in 19083 who actual-Iy made holo-
graphic optical el-ements using the green mercury line while applying a photographic bleach
technigue. In 1892 Lippmann had already demonstrated dichromateil gelatin as an excellent
medium for volume color photography.t The real potential of the technique, apart from color
photography, was not realized however and practical applications had to wait until concrete
lorm r-=-given to Gabor's j-deas (f948) on wavefront reconstruction. It v¡as Yu.N. Denisyuk5
who in 1962 revived the old Lippmann-process and demonstrated its suitabj-lity to wavefront
reconstruction. While the simplicity of the optical principle has promoted its application
to holographic interferometry, contiary to this the need for extrernely fine-grained emul-
sions and the difficulties connected with their processing have restricted the general
application of the technique in this field.

It is the purpose of this paper to dlscuss these difficulties and their convenient
solution as well, as the practical applicability of the technique to holographic interfero-
metry.

2. An NDI-applicatÍon

2. I Crack-detection

Àn investigation presently carried out by our institute wil-I serve as an introduction
to the principles of the technique. We are developing a non-destructive insPection (NDI)
method that will, detect the initiation and growth of fatigue cracks at fastener boles in
the wing of an aircraft. Using a perioilical inspection procedure, fatÍgue crack growth has
to be detecteil before the crack size has reached its critical value. The demand for reliable
inspection methods comes from Èhe need to fly some aircraft well beyond their initial. design
lifetime.
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For the most current inspection methods, the detection of cracks under lnstalled
fasteners forms an onJ-y partly solved problem. The inspection procedure must be appropriate
for use in the aircraft hangar without the need to dismantle the wing or dísmantlè'
fasteners. This last restriction.is. understood by taking into consideration that badly
installing of fasteners is one of the principal causes of crack lnj.tiation in fastener
holes.

one l-s most interested in the inspection of three fastener holes in a highly stressed
area, the so called'critical area', where a higher probablllty of fatigue cráck initiation
exists. This critical area has a flac, diffuse metal surface and is approximately circular
ttith a 60 mm diameter. It is situated in the lower wlng skin on a plaèè not easily access-
lbLe for current NDI-aPParature. Holographic technigues are known ior the detectión of
faÈigue crack growth"', but many of them have serious drawbacks for our application. For
the detection of these flaws not only a suitable loading mechanism has to be found, but
also some extra conditions inherent to the application outside the optical laboratory must
be satisfied. We will now consider six principal items connected witñ the technique.

l. À loailing metÞod has to be found causing a detectable anomaly j-n the fringe pattern,
which is a-mãþ-õFGuETãEe deformation, in the neíghbourhood of holes \,rere cracks have
reached a length much smaller than the critical length. At the tip of the flaw a plastic
deformation zone will be formed, which will reach the surface far earlier than thè crack
opening. Most NDl-methods are based on crack detection and not on detectj.on of this plastic
deformation zone. Ît is assumed that this zone will Índuce an anomaly in the deformalion
C ing loading. Several J-oading methods can be considered, for instance direct mechanical
suressing, vibrational excitatÍon, and impulse loading. For the latter two methoCs a double
pulse Ìaser would be necessary. In a preliminary experiment in a test facility for aircraft
model constructions, we have demonstraÈed that a mechanicaL stressing method is successful.
For an inspection procedure i.n a hangar however, this may be unpractical and therefore other
loading nethods are still searched for-

2. During hologram exposure vibrations and motions must not cause t.ranslations between
object and holographic plate more-Thañ a-TiacElon of the wavelengrh. The method applied by
most holographers is to shorten the exposure time, such that translations during this time-
interval are restricted. To get sufficient exposure energy however a high powerpulse.l laser
is needed. We have used a ruby laser having a pulse wj-dth of 25 ns and a pulse energy of
30 mJ.

3. Rigid body motions of the object relative to the holographic plate between the two
exPosures of the hologram will give an unwanted extra number of fringes during ¡econstruc-
tj-on. There are many solutions for this problem, which all have their own drawbacks. These
fa11 into 3 categories:
a. Using a double pulse laser, the pulse interval can be as short as I ys. The object

translation in this interval wll-l be small enough to prevenÈ most of the formation of
unh¡anted fringes. A drawback then is the restriction to dynamical loading technigues,
for instance vibration excitation and impulse loading.

b. A compensatj.on after the exposure of the interferogram is possible, e.g. using fringe
--ontrol, sandwich-holography, holographic-moiré. At the present time these techniques
are stj.l1 to sophisticated for a routine-based inspection by untrained personnel.

c. During the exposure of Èhe hologram, rigid body motions can be compensated for by a
technique introduced by Neumann and Penn, E They clamped the hologràphic plate holder
to the object with the holographic plate as near to the object as possible, and used a
collimaÈed laserbeam as to optimally compensate for rigid body rnotion. (Figure l).
The holographic techn5-que applied is Denisyuk reflectlon holography. s Although Denisyuk
reflection holography has the advantage of simplicity, the impossj-bility to adjust the
intensity-ratio bet!.¡een object and reference beam limits its applications. Generally
objects holographed this way nust possess a high reflectance or otherwise be coated with
a'suitable metal-1ic paint, to render a sufficient intensity-ratio.8

We have used the Denisyuk technigue without any surface preparation of the object, There-
fore it is demanded that the holographic processing perfcrms optimally with respect to
diffraction efficiency and signal-to-noise ratio. This subject will be discussed in
section 3. A drawback of the technique may be that the size of the inspected area is
restricted to the size of the holographÍc plate. For our application however the size of
the area to be inspect-ed was small enough to be covered by a 4x5" plate, The technique
offers a very efficient compensation for rnachine vibrations and motions. Some small vibra-
tions between object and plate cannoÈ be compensated for, so that the use of a pulsed laser
is still needeC for their complete elimination.

{. A surplus of dayliqht exposure on the holographj-c plate will serj-ously decrease the
co;ìtras..oftheinter@anda1ongwithitthebri9htnesSofthereconstructed
in'.age- The technique of Denisyuk pulsed hoJ.ography however offers a good opportunity to
exÐcse holcgra:r.s in a daylight environment-
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À platehofder was constructed which is shielded on one siôe b¡'the object ani or, the o'-her
side b¡' a rnechanical shutter with a lar_qe aperture. During the opening of the shutt€r (.1 s)
the pulsed laser is fired and the exposure to daylight wj,11 9enera111'be negligrble.

5. Sirnplicity of the set-up and its operation is denanded in case of operation b1'
unskÍl-led personnel, The need for a si-rnple set-up is the more urgent since the locatlon of
the area to be inspected is not easill' accessible. Às is illustrated b}' figure I the
Denisyuk holographic set-up is very sirnple and easl' to aCjust. The plateholder can be
manufactured compact so that it can be conveniently instâIled a'- al1 kin'-:s of locatlons.

6. lnterpretation of the fringe pattern will be most eesy if it can remain gualita-
tive. In that case, the abrupt changes in the curvature of the fringes that appear near the
plastic deformation zone, allow the gualitative discovery of a crack before it can be
detected b1'the usual means. ff the anomaly in the fringe pattern is only slight, or if the
crack-size has to be evaluated quantitatively, automatic fringe readout and processlng
becomes necessar)'.

2.2 The effect of shrinkaqe

Due to the processing of the hologram the emul-sion wiII generally shrink, which affects
reconstruction angle and wavelength. This section evaluates these reconstruction parameters
while the causes of this shrinkage will be discussed in section 3.

The holographic pJ-ate is exposed by a coherent plane wave of wavelength ),. under an angle
o. with the normal (Flgrure 2) , Part of this wave is transmitted through the emulsion and
subseguently dlffusely reflected by the object. Each object point wilL raClate a nearly
spherical bave towards the p1ate, which wiIl interfere with the original plane wave. The
period of the resul,ting intereference Fattern j.s nearly ),"/2r. in a medium of refractive
index n. If the angle o" is negligible, the lnterference pattern consists of planes practi-
cal1y paral-leI to the surface of the holographic p)-ate. In practice a snal-1, angle os is
adjusted as to separate the zero-order from the reconstructed imaqe.
After processing the fringe period is given by:

- ).e
rl = q ---i (l)
9!^, ln

where s denotes the shrinkage factor,
For the reconstruction of the hologra¡n e wavelength ),t is used, which is not necessarily
egual to ).e. Àccording to Bragg's 1aw constructive interference of the light reflected by
successive planes is obtained by:

2nd cos or = lr (2)

Eguations (I) and (2') may be considered in two different ways:
1. If the reconstruction is made under the salne angle as the exposure (rt = oe = 0), an
optimally bright reconstruction is obtained by selecting the proper wavelength I, of the
reconstruction light source.
From eq. (l) and (2) then follows:

1-- = q i (3),.r

Due to the shrinkage of the emulsion the reconstructed wavelength is shifted by a factor s
with respect to the original waveLength ).". Thus the shrinkage factor s may be experiment-
alJ.y determined by measuring Àr. The resul-ts of these experiments for dj,fferent processing
parameters will be discussed in section 3.

2. For optimal resolrìtion of the image detail,s in the reconstruction a monochromatic light
source is needed. The apptication of a He-Ne faser for this purpose is most convenient. The
reconstructed wavelength À, is then fixed so that we have to optirnize the angle or. It
follows again from eq. (ì) and (2) that:

Àr
cosor= 

" f"
(4)

Next to the ruby laser (Àe = 694 nm), we use a He-Ne l-aser (Àr = 633 nm) for reconstruction
of the holograms, so that accordj-ng to eq. (3) we find trr/tr" = 0.91. Therefore, if the
shrinkage is mcre than 9B (s < 0.9f) there is no solutioñ for eg. (4) and reconstruction
becomes inpossible unless a laser of shorter wavelength is appLied. l,lithout shrinkage of
the emulsj.õn (s = I) the angJ-e of reconstruction a- = 24o. Due to refraction this angle
wiÌ1 become approximateJ,y 3ío outside the hologramT
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. Generally, in a conventional set-up forobserved under limited angles, practicaity nothe rather large object to platé dj-stance witsensitivity of a suchlike set-up for object dobject surface so that mainly out-of-pIáne deDenisyuk holographic set-up allows miñimal obmay be observed under rather large angl,es witplane deformations ls obtained aÃ weIl.

considering the foregoing, it appears necessary to find a holographic process perform-ing well enough to allow the making ðì oenlsyuk holõgrams without surface preparation ofthe object. Moreover, this process should aliow suffícient aajust*ent of the shrinkagefactor s' rn the next section the relevant pro".="irrg parameters wiLl be discussed.

3. Direct bl_each

3. I Efficiencv

The conversion of the developed image siinto a transparent silver compouná j,magel aftrcreates a phase hologram which diffracti-on ef:conversion, which'Ís generally referred to asa lver ferrocyanide, or a s1lver mercurochÌr
de-p1y rooted belief of many holographers that
compound urith a refractive index. subétantially greater than that of the gelatin medium wasdemanded j-n order to prepare efficient hologrithat the refracti_ve index modulati_on should i¡of the silver ccmoound grains, is probably atideal with grains wj.th large respect to thã war
case the geometricaL-optics formulatÍon gives
weighted by volume, of the refractive indices
supposition is obviously in.¡alid in the case (
emulsions where the grain diameter amounts a j
be regarded as Rayleigh scatterers and the refr
the Lorentz-Lorenz eguation, which preCj_cts al
tive index of the cornpositj_on and the polariz;
phase transmission holograms therefore may be
applied, as long as differences in concentrati
are optimized by adjusting the exposure energ]
innumerable chemical formulati_ons have been þialchemic quest of the philosophers' stone, not
f orrnulati.on.

rn earlier worke is was set forth that not the refractive index, but the molecularpolarizabilj-ty and the mol-ecurar vorume of the silver compound concerned are the crucialP¿ 'meters governing the pháse varj-ations resulting from ihe variations in prebleachop -cal density. The -at the first sight paradoxall conclusion that follows from thisproposition is, t-hat efficient phase transmission holograms may be obtained by conversionof the image silver j-nto a silver compound of refractiie index equal to that ôt tn" gelatin_This was experimentally confirmed by èonversion of the image silver into silver ferro-cyanide which refractive index virtually eguals that of thé geratin.
In view of photographic sensitivity the only and minor consideration that follows fro¡nthe foregoing is that we might wish to ãpp1y the bleaching aoent that converts the leastpossible density variations into sufficient phase variatións. Evidently this is accom-plished by the conversion of the image silvei into the compound with tÍre hignest possiblepolarizability, silver mercurochloride.

rt must be emphasized t¡at the_foregoing specifically applies to transrnission horogramswhere, be1'ond spatial freguenci-es of so¡ne hundrecs of Iinãs/rn:n, the gelatin surface wj.I1 nolonger shcw thickness variations in accord wi.th variati-ons i-n concentration of the sirveror its ccmoounds (ref. 9 section 4). fhe contrary is true for reflectj.on type volume holo_9rans, where Bragg-pl-anes are oriented perpendicularly wj-t-h respect to trans:iission typehoiograns.
rn :his latter case, even at very high spatlal frequencies the gelatin is able to foll_owsuch ','ari3:rons i.n concentration to a Iarge extent, therefore thã foregoing consideratj.onsonì,i, appli' to trans¡nissj.on holography.

3. 2 Scatter

The c;:e-siCedress of tire previous considerations becomes evident once the scattering
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of the silver comPound grains is taken into account' À bleachj'ng agent that'-for the
imuli"=t possible opticáI density modulation, renders optirr,al diffraction efficiency, ma)'

uell result in an otiectionably ñigi't "oi"e-Ievel. 
Às it aPPears, the intensity of the light

scattered by a Partió]e, smal1 witú.resPect to the wavelength, is proportional to the
square of ils tòtal Polarizabili't. I 0 This obs shows a1r
.ffi.iency is indissòlubly linke- to 1i9ht sca e situatio
however bãcause the grain may in general not b "i"tt":":! 3t

the oxidat
y comPress
9 lteã.f,ed hange
y causing 1ve
derations of

aIlY in figure 3.

The spherical core of radius f x r consists of silver compound of refractive index nt
and is enveloped by a spherical gelatin shell of refractive index n"; thus composing a

scatterer of radius r, immersed in the regular gelatin medium of refractive lnãex tt:]-l
The total polarizabítity o of such^a compósite particle, sma1l with resPect to the wave"

iã"gtt,, is given bY Van-de Hulst.r2

The validlty of the shell-model was confj
. as well as phase measurements, t-he resul-ts of

It is a remarkabLe coincidence that the ProPor
by complementary experimentat -evidence collecl
aifterent tanning activity and showed by meanl
of the bleached grains is independent of the 1

that the observed differences in noise-1evel ¡

within as weLl as at the surface of the emulsion. Às mentioned before the growth of the

ing that causes excess "reticulation" of the
iriegutarities decrease with increasing tanni
goin! it follows that a suchlike suppression
óf -ñ increased intra-emulsion scatler, since

This may be accomplished by utilizing an.index-matching technique. Evidently, applica-
tion of the direct bleach pro""i=-*,irr oniy yÍeld optimal rãsults if the total polarizibi-
Iity of the scatterers is minimized througË ã subtlå processing that prohibits shelI forming

by alJ-owing the emulsion to sweil completãIy, and if lf¡e surface is index-matched as to

eliminate surface scatter-

3.3 Gelatin collaPs
:ss is further increased by the fact that the

A pyrogallol 2o g
lóaiu sulfíte sicc- nihil
destilled stater to I I

B soilium carbonate sicc. 60 g

destÍIled water to I 1

The sorutions A and B are mixed in equa]. proportions immeiliately prior to development' As

the mixture is liable to fast o*iàatio' ii sñou1d only be used ónte' Without sodium suLfite
solution À has a limited shelf life'
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reverse in slope. À total shift in reconstruc
for optical densities between 2 and 3. The fi:transparent silver compound results in a conswith the increase in molecular volume, and conlagain. Às the molecular volume of ÀqrFe(CN)-,
slope of the graph is expecredly híiËer in Ehr

considerj'ng the difficulties _apparentty inherent to the rather circumstantiar develop-haride solvent-rehalogenate proceduiè, an aiternatlve pto..""inj tn-t avoids these problemsshould be very useful. A morè direct approach to be coñsidered iherefore is the develop-silver solvent Process that modulates Lhe concentration of the residuar silver bromide.

4. Reversal bleach
4. I General

rf after development of an amplitude hologram, omitting the fixing step, a suitablesirver solvent is appried that does not significantry."rno.ré 
".,y ãr the residuar silver-halide, a phase holograrn is obtaj-ned as r"il. rn thiã case, wrriårr is generarly referred toas "reversal bleach", the concentration of the silver bro¡nide thát was originarly depositedin the emulsion, is modulated. This reversar process owns a few advantages over the directprocess:

- The omission of the-fixing-step reduces the process to essentially two steps, whichconsiderably curtails processing tirne
- The residual AgBr grains have not suffered any changes j.n size, neither has the gelatin

ential tanning. Therefore these grains areer have they been the cause of any surface
render the least scattering.

that removing irregular chunks of silver will:, and the scatter may thus be as severe as' the same reason however one rnight argue thatr, must be expected to bring about a suchlike)pear. If indeed the silver grain removal wouldriderable background scatte! should be observedr however have shown invariably that the'ebleach density and becomes négligibIe atral bleach. Evidently, the bul-k of residualhalide, which is inversely proportional- rr¡ith optical density, is tle main source of scatter.As will' be shown in section:-z the application of a strong hardening devel,oper prohibitsfurther shrinking of the geratin layei- on removar of the 
"ír".i 

giain=. The creation ofvacuoles in this case seems inevitable therefore, so that on secónd thoughts the observeddecrease in scatte! with oPtical density is =o^"rh.t sur¡lrising. Evidently the concept ofbubbLe-l'Íke voids remainj-ng in the gelalin after removal of the silver gråi., seemserror'eous ' It is difficult however to imagine what alternatively may taÉe place in theenuLsion, as col)-aps of the voids seems excluded by the absence of any wavelength shift.
4.2 E:<cer inental.

: have conCucted a series of experiments, similar to those described in
"'/it-h .1e reversal bleach technique to the purpose of discLosing the influencerar:r.¡'_ers on r_he wavelength shif t.

section 2.3,
or processing
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The strarght p)'rogalLo1 oeveloper was selected again because of its strong hardening ac'.i-
vitlr ç¡1.ñ waê-expected to minimize gelatin collaps and thus to rr.inirnize wavelength shif'--
fhii is illustrated b1'a series of comparative experiments uith a metol developer, '.,ê
formulations of which is obtained by substituting metol for pyrogallol in solution À
(section 2.3) and adding 100 e/I sodium suffite.

I':etol as a developing agent has a low tanning activity, while the high sulfite content
further eliminates any remaining hardening activity by reducing the prirnary oxidation Pro-
ducts of the developlng agent so that these can no longer crosstink the gelatin molecules'
the result of these comparative experlments is illustrated in figure 6. Àf+-er development
in the p1'roga11o1 developer a shift in reconstructed waveJ.ength is observed' virtuall-y equal
to that of i¡e previous experirnents, due to the liberation of bromine. Subseguent dissol-u-
tion of the image sj-Iver by a 4 g/1 potassium dichromate bl,each with tow pH (4 cc HZSOy/I|
surprisingty does not induèe any further collaps of the getatin, as was already mentioned
in lection S.i. This is probably due to the fact that the hardening activity of the
developersr oxidation products has a limited diffusion lifetirne so that the gelatin is
cross-linked in the direct vicinity of the developed grai,ns. Gelatin collaps by removal of
these grains by the silver solvent is therefore prohibited by the rigidity of the locally
hardenãd gelatin. Cornpletely contrary to this, the removal of the undeveloped residual AgBr,
cons"qo"¡lly contained by unhardened gelatin, will cause a strong collaps of the gelatin
tayer-"s *-ê demonstrated in the figures 4 and 5. The results with the non-hardening metol-

"uifit" 
developer shown i.n figure 6, sustain this explanation. Not only does the virtual

absence of any-hardening effeðt allow a considerably larger gelatin collaps during develop-
ment, subsequènt dissolution of the sitver by the ilichromatic bleach now brings about an
expected fuither gelatin collaps. It may be noted that the largest shrinkage is rendered by
reiroval of the brõmÍne that haÈ an atomic volume almost twice as large as that of silver.

These experiments show that phase holo-orams may be obtained by mean. oI-a simple
reversal bleacñ procedure without the large and Cisastrous shrinking and swefling movements
of the gelatln that occur during the cumbrous direct-bfeach procedure. Shrinking occurs
though, but is limited to a few tens of nanometers by the hardening activity_of the, pyrogal-
1o1.-These experiments further suggest that the amount of the wavelength shift maY be mani-
pulated to a iarge extent by adjuéiing the hardening activity of the deveÌoper for¡nulations
by the sulfite content.
figure 7 shows the resuLts of a series of experiments de¡nonstrating thi-s possibiJ-ity of
reóonstructed wavelength manipulation by incieasing the sulfite content frorn nihil to l0t
by weight. The waveleigth shiit increasês linearly with about 10 run/t sulfite up to a 3t
concentration, beyond "rtricf, 

the effect gradually èaturates. Àt a concentration of l0t the
shrinkage appears to have reached maximum valueê as no more difference between a pyrogallol-
sulfite an¿l the metol-sulfite developer can be observed. For prebleach optical density
bet$reen 2 and 3.5 the color of He-Ne exposed holograms may thus be varied between a deep
orange-reil anil a neutral-green-

Àpart frorn the aPParent advantages of tl
tanning developer over the direct bl-each Proc(
the holographic Bragg-gratings thus obtained'
were measured from the spectrographs and are ¡
typically amount 208 and are obtaineil for prel
Bandwidths typically amount 20 nm-

Because the hardening pyrogallol develo¡
considerable brownish stain of the gelatin, tl
decrease proportional to prebleach density- E'
a decrease in diffraction efficiency; in view
however, this disadvantage seems of little in
however that this gelatin stain can be remover
potassium.permanganate/0..1t sulfonic acid solut
ãnd gelatin hardening are independent to a hir
only slight (f0-f5 nm). This stain removal- hor
scalter, which is to be expected because this
by the halide grains. À further processing st'
a suitable dye, is therefore demanded to suppl
in diffractiòn efficiency, which is increased to typically 30*.

5. Results

The excellent performance of the reversal bleach processing described, rendered the
possibiti-ty to make benisyuk holograms of low reflectanãe diffuse objects. Àlthough the
diffraction ef¡¡-ciãncy co-nsiderabÍy decreases with the reflectance of the object, recon-
structions renainãd "üffi.i.tttly 

bi:.ght to all-ow for their convenient evaluation' Às an

exanple a few results are Presentea ót our investigation of the fatigue crack growth
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:ograms.

6 . Discuss i-on

:hat allows the making of low_noise, high_i_ Even of objects of relatively low clj_ffuse.ty sufficient for their .on,o.rri.nt interfero_)rocessing descrj_bed are the Low emulsion:age_manipulation, and so, reconstructed_color:he developer.
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figure 9 Double exposure interferograjns of the critical fastener in a specimen
óf tfr. wi-ng. The mechanicá1 load on the specirnen is increased between
the two exPosures.
The interfãrograms are ¡nade after an increasing number of stress cycles:
a) nc anomaly in the Pattern,
b) indication of the ãevelopment of a crack on the right sj..{'e -of the fastener'
c) the crack on the right side reaches the surface; crack developinent on the

left side is also indicated in the pattern,
d) a few cycles before complete fracture of the specimen'
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