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TOWARD COMMERCIAL REALISATION OF WHOLE FIELD
L INTERFEROMETRIC ANALYSIS R

The obJectlve of t}us work was to produce an. mstrument Whmh could
i " undertake wholefield inspection and dlsplacement measurement uuhsmg a; S

: ""r."-non-contactmg technology The 1nstrument has been deSIgned to permlt
o ';'"-OPeratIon by engmeers not necessarlly fam111ar w1th the underlylng A

- technology and produce results in . a meamng‘ful form “of the poss1b1e'-"m'- o

3 _tecbnlques con31dered HolographJc Interferometry was ong‘lnally 1dent1ﬁed

7 '_T:—_ a8 meetlng these objectlves Expenmental work undertaken prowdes data
o whrch conﬁrms the potent1al of ‘the’ techmque for solvmg problems but L

- also- hlghhghts some dlﬁicultles SN

_"In- order to perform a 'c_omplete three dimensional displacement analysis a
number of holographic ‘views must be 'recorded Considerable effort is-

reqmred to extract quantitative data from the holograms Error. analysis

of the experunental arrangement has hlghhghted a number of pract:cal o
restnctlons which lead to data uncertamtles " Qualitative analysis of
) engmeermg components usmg I-Iolographlc Interferometry has been
successfully undertaken and results in useful analytrcal data which is
used in three dlfferent engineering design programmes Unfortunately, :
'attempts to ‘quantlfy the data to provide strain values relies upon double
differentiation of the fringe field, a process that is highly sensitive to
~ fringe position errors. In spite of this, these eicperiments provided the
‘confidence that optical interferometry is able to produce data of suitable
displacement sensitivity, with results acceptable to other engineers. |

In order to extend_ the work into an in_dus_trial. environment double pulsed
- lasers are . used in Holographic and Electronic Speckle Pattern
7 Interferometry. This work is necessary to determine the possible limits of .



- the double pulse techmque The experlments did prov1de conﬁdence that._"-'iff;_-' :-;f--_"-i

- with - suitable -design effort “interferometric arrangements could be .

" constructed to work in the most arduous of “industrial enwronments .

'I‘nggermg of the laser from a secondary transducer resulted in vanoug‘._‘._._ |
. electronic Conﬁguratlons whlch successfully prowded temporal and spatlalj.w';-;:

L 1nvest1gat1ons of v1brat1ng component surfaces However, _the problems of_ij':

data extractmn common to holographlc techmques agam led to questlons%._{ff'_"ﬁ':'
_about data quahty and 1nterpretat10n ST N S S

Recogmtmn of the expenmental d1f‘ﬁcu1t1es 'm usmg Holographlc

- Interferometry in Pra"tical englneenng studles suggested Electromc'f_'_.-'_:'-
;';::SpGCkle Pattern Interferometry (ESPI) to be a more smtable tec}‘u:nque S

 The- d1fferent imaging. mechamsm of ESPI 1s able to- provrde three:'f.::"'

dlmenswnal results without further data reduction and was mvesttgatedj_'-
further to determme if the techmque was able to fulfil the remalmng _ -
objectives. New deS1gns of interferometer result in eqmpment able to
" provide m-plane and out-of‘-plane data. Expenments undertaken reﬁned o
o time averaged ESPI such that hlgh contrast fringe patterns could be'. .
" obtained from SYStems operated usmg F14 lenses. SN

The des1gn of the ex1st1ng analogue ESPI processmg electromcs produced
fringes of good visual quality, but this was achieved by simple. contrast _
'stretclnng Thus the actual cos? fringe functmn was replaced by one of a
near square wave type. New d1g1tal processing electronics were designed
-~ which did not corrupt the fringe pattern intensity distribution. The
restoration of the correct fringe function provided suitable inp'ut data for
computer based fringe pattern analysis. Since the fringe patterns alone
do not provide real data it was necessary to determine methods for
computer based fringe pattern analysis. After a review of available fringe
',proces;sing.' techniques, two step phase -stepping was chosen.

Experimentaﬁon shows -~ that “the - phase - stepping ap'proacl-ln can be

successful in tackling the ESPI frmge pattern reduction. Although the
- demands 1mposed by the image processors lead to further ‘designs of the

il



' hardware,o m1cro computer and mu1t1page framestores result 1n the

| '_equxpment bemg able to undertake image acquxsmon ‘and fnnge pattem
"processmg in less than 15 seconds. Furthermore these new demgns are
‘ ,compact s1mple in constructlon and easy to mamtam

'_ The construct:on of hybnd m-plane and 01115'0f"13'lf=me " sens1t1ve

= ;mterferometers prowdes the necessary test bed for the 1mage processmg

o '-_-'__eqmpment The g generatmn of processed three dlmensmnal d13placement

" data in cartes1an coordmate form is cons1dered }ughly slgmﬁcant to real

“world englneermg desagn studies.  The final effort of the research is- the

T '_comblnatlon of ESPI with novel pulsed lasers to produce the prototype.for

- ___the reqmred 1nstrument technology Attempts o0 mcorporate a pulsed

- _ruby laser in a speckle mterferometer, whilst - expenmentally successful

were mgmﬁcant in 1dent1fy1.ng problems whlch were endemic of pulsed
ruby laser operation. An alternative laser type is identified wh1ch can
- provide suitable pulsed energy andD using a frequency doubled Nd.YAG

' ‘-pulsed laser for ESPI results in real time, hlgh repetition (50Hz) pulsed
) '_ results ~ Problems w1th tradltlonal double pulse- operatmn lead" to the
| 'novel concept of combmmg two separate pulsed lasers to form a- twin -

'laser system with greater flexibility. The new twin pulse laser concept

| proves to be’ very successful by achieving a trebling of the optical energy
output for half the electrical energy requirement of the previous system '
" Line .narrowing  with diode laser seedmg prov1des the necessary
jmprovement to laser beam quality. This totally new approach leads to a
considerable 1mprovement in flexibility with variable pulse separatlon
from 10 nsec up to 20 msec (20 msec being the camera operating cycle
.tlme) being ‘achievable, with a maximum energy of 100 mdJ/pulse of
-congistent output.
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- CHAPTER1 -

OVERVIEW
o 1.o In _tm du sotion

" the. theory Holography is in ‘the new category Where theory predates “-

o back into - hlstory but" it was the 1960’s that saw the emergence of

B Holograph:c Interferometry

C‘

___"_'Today, _w1th the ready ava'llablhty of large computer based modelhng-,.‘ s
| 'techmques, it is Venﬁcat“’n of the computer predJcttons whlch is needed_ -

| “to match performance with hypothesm - in some circumstances it is the
- model alone which enables designs to be completed. It was with this

e - Pnor to thlB century 1t was usual in sc1ence for the expenment to predate*--"_;-f

i experlment The use of 1nterferometry and’ lnterference goes much further

background in mind. that endeavours were made ‘to produce

instrumentation that could prov1de Wholeﬁeld inspection - for 'the_

engmeer:ng commumty “In partlcular, 1t is ‘in the field of engineering . E

“design, where the detectlon of undesirable and potentlally catastrophic -’

effects not successfully predlcted “would - be of tremendous value.

‘Theoretical models are continually unprovmg but a need still exists: for
' the model to be expenmentally verified. - For example, coupled vibration :

modes' are difficult to predict, relying on the response of a structure to

the combination of two or more resonant frequencies. The cross coupling

of these, together with inhomogeneties of the material used and

complexity of boundary conditions, make for difficult prediction of real

world conditions. Optical inspection can provide surveys of both the

resonant and coupled modes and help detngners w1th the mode shape. and
frequencles '

Thus a need exists for a. meas'uring instriiinent able to provide_t_iata ina

form suitable for engineers to refine a process or device. ‘This work arose

from studymg the performance of motor cars and. their power units in

_both the laboratory and various test fac111t1es This reqmred_a technique



e ;._‘_j:_-fwluch could provlde expenmental data about the wholeﬁeld performance‘:"_}?:

. ﬂ__of a’ power- train system or an 1nd1v1dua1 device. . Many teohmques were : ,.‘_

- considered, usually they relied on “the overcoatmg of the surface with

sultable matenal from which a comparatlve analysls could be performed f

.. The results in all cases were relative and needed. calibration. Optlcal,,'_'?_l_-',
‘-Interferometry is_an altematlve method Wthh prowdes absolute” ‘data
o 'Wlthout mtrudmg‘ Wlthln the component‘s enwronment and - does not__

i .requ1re any surface modlﬁcatlon Hence the results obtamed could be_:f_...-. :

4cons1dered representatlve of the actual response of the surface o

11 ___15. . h B H 1 o ]n In ot :

A non'-ilnyasiue!wholeﬁeld technique based around the laser was i_dentiﬁed '
as a candidate technology for study To determine the value of such -

~ technology, the suitability of the. ‘data had to be considered within the

broader reqmrements of manufactunng industry. Whllst fringe - pattems =

N _ appeared to be of value, the technology had been available for over twenty---' -

| | five years and yet there was no major commercial effort in this area The'

apparent value of the data was constramed by three further aspects

@ . _"It was a diﬂ"icult technique to use and consequently automate,‘ )

(i) It was tedious to extract meamngful data. -

(iii) Real world studies outside the laboratory had rece1ved little:
attention.



".'77"":"'_F1gure 1. 1 outlmes the progranme of study undertaken, it 1dentxﬁeg":.;- .

R Holograplnc Interferometry as a possible. techmque from the attnbutes' a3

= outlmed above Further work Was reqmred to conﬁrm this dec1s1on -

) fThe undertakmg of smtable engmeenng problem solvmg in order to'..._;_
... provide conﬁdence 1n the techmque and 1dent1fy the type of
L _'1nformat10n requlred : ' '

o (n) Expenmental stud:es to appreclate the subtlety of the techmque*_;}_'l_j

e ’ _“'and thereby attempt to conslder automatxon of the process to mden‘_-_'_{;_:‘
the appeal ' o o o

o In retrospect thJs approach appears somewhat nalve Durmg the heady o

' idays of  the 1960’s when' the laser and holography appeared to provide

many potentlal_ solutlons, a great deal of funding ‘and effort attempted '
similar tasks. = The principal conclusions from this initial study
' hlghhghted problems in acqumng quantltatwe data and the real need to
| tackle problems on components not only in a laboratory sn:uatlon but in-

"7 service performmg a real world task
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s '_'advantage of real t1me v1ew1ng and potent1al utlhty of the techmque Werei
o '__cons1dered to promde the neceesary techmcal solutlons The 1magmg:{_”
" 'mechanism of ESPI is dlfferent to - that- of Holographlc Interferometry i
SR _f,_'ESPI rehes on_electronic’ correlatmn of the- image pu:ture pOmt.s whereas
o holographic lnterferometry utilises the mterference of Optlcal wavefronts"‘-'- o
in hxgh resolutlon photograp}nc recordmg medla _ Thus ESPI _ean’ o

| overcome the photographm processmg reqmrements by ‘the use “of :

Previous post graduate research 'had acquainte"d. 'the' author With. o
: Electronic Speckle Pattem Interferometry (ESPI) and. prov:ded some' -
expenence in the advantages of this nolsy’ form of mterferometry The__"‘..

belewsmn cameras, However, the most s1gmﬁcant advantage is the use of

correlation techmques ‘against optical wavefronts interference. The'

_ arrangement of the optical system provides the flexibility to construct

interferometers sensitive to displacement in the three principal orthogonal -

vectors..  Thus 'Separately and | independenﬂy' three views of the
dlsplacement of a component can be acqmred with no cross. correlatlon[_

‘between views, Typ1ca1 arrangements use ‘cartesian vectors &,y and z) to _‘

provide data, whereas with holographic interferometry ‘three views are

; required from the holog'ram and only after suitable data extraction can a

vector be uniquely described. This_beooxries a handicap when attempting

to extract only the x and y displacement vectors although other optical

arrangements are possible which provide just the z displacement vector. A
technique existed therefore, which could potentially provide the necessary
data but little work had been undertaken into providing arrangements
which could be practically exploited. The design of interferometers, which
combined optical performance with the -simplioity of manufacture and
operation, formed a major' goal of this work. The design of new electronic

. pre-processing with advances in digital electronics overcame many of the

-+ .cost and ‘performance barriers. These designs had to be commercially

' orientated to attract a wider commumty of users to provide the basis for -
‘the refinement of the techmque : ' ' -



""""

”'generated fnnge patterns ‘which detect relative changes between the‘, =

'. optlcal path lengths of the two mterferometer arms. Sheanng

o _mterf‘erometers produce fnnge patterns which relate: to the change of

B 'slope of the d15p1acement Conceptually, dlsplacement ﬁmge patterns are -

i somewhat easner to comprehend and consequently hxghhght any problems 7_
o __The fnnge patterns, whllst able to prowde d1splacement contours in the

orthogonal vectors,‘_ do not themselves prowde data “Manual -

= 1nterpretatlon of. the fnnge pattems was a long-wmded and 1naccurate'-_f_j_'___

. process.  Thus. 1t was necessary to undertake a feas1b111ty study mto theif o

. '_posable methods of computensed fmnge pattern analys1s Eqmpment Was S

’mherent nmse problem of speckle mterferograms Two step phase |
steppmg was deemed smtable, though additional effort was necessary to
| ~ undertake the task of software generation, 1nterferometer evaluatlon and )
"electromc pre-processor manufacture R '

1.3 Dogblg Puls_ed Holographic Igteﬁ eggmgtxx‘

In combination with the evolution of the ESPI instrumentation; one other
'_ conclusion of the initial study was the need for real world ”problem
solving. Previous work had demonstrated the ability of double pulsed
- ruby lasers to undertake interferometric study of such environments.
| However, the cost, size and complexity had mitigated against significant
utility in any industrial facility. The size of the user market had not'
encouraged the laser 'manufacture_rs to invest in the development of
pulsed ruby lasers and so produced a chicken and egg problem. A further .
aspect reflecting their limited usage was the skill level necessary to
operate the equipment. Much published literature existed demonstratmg
the ablhty of pulsed lasers to acquire interferometric data though little.
evidence existed of successful apphcatlons to problem solving.. The -
1ndustr1al facﬂltles utxhsmg such equrpment are not pnmanly concerned k



| ‘_;.f{w1th estabhshmg a vnder acceptance of th1s technology by other potentlal <

- users. One. altematwe to pulsed laser technology i is the’ use of common ;

"_'path mterferometry Whlch effectlvely phase locks the ob;ect to the'-": .
o recordmg ‘system. Laboratory tnals of thls techmque demon strate d -
S hmJted apphcabxhty : | _ o

1 4

o Expenmental mvest:lgatlons 4 usmg Dulsed lasers ' and holog’rﬂphlc :

' ""_'f1nterferometry demonstrated the advantages of such equlpment but still

.....

e retained: the problems of data acquisition: * The: “conclusions . from the'-f'__'

~initial" expemmental work was to attempt to build" upon ‘the hmlted' e
.. previous work undertaken in' double pulsed ruby laser ESPL  The
intention bemg to build upon the instrumentation’ advantages of ESPI and
- the potentlal of the pulsed laser. Trials with alternative strobosc0p1c and- |
' 'ca\nty dumped continuous wave lasers proved unsatlsfactory

With smtable re-demgn of the pulsed laser optlcal chassxs, experunents
'attempted to harness the ‘ruby laser in_ an expenmental ESPI '_
conﬁguratlon This highlighted . problems with pulse - to pulse energy
-stabllzty not prevmusly conS1dered a problem - with holography. ~ The
- additional demands of ESPI requmng the synchromsatlcn:of the tlmmg
and pulse to pulse intensity stability, necessitated further redesign to the
electronics and optical arrangement. Consideration of the laser principles
and fundamental operating constraints suggested this type of solid state
laser to be unsuitable for continuous high repetition double pulsing. An
‘ideal alternative lager source would have a higher optical efficiency to
" reduce the problems of thermal instabilities and be able to operate at
television rates (25Hz for European framing rates or 50Hz for field rates).
Furthermore, the laser should operate in the visible part of the optical
_spectrum. Expenence in attemptmg to align an infra-red pulsed laser
_ interferometer h1gh11ghted ‘visible operation as an important feature.
With industﬁal congiderations in- mind, visible operation presents fewer



o concems from a- laser safety aspeet Underwater operatlon is des1rab1e,;_'.. e
' whxch requires the blue/green part of the visible spectrum for max:mum”

" transmission in water with minimum absorption. - Copper vapour lasers |
were consldered but reJected due to the1r particular beam profile and

*limited energy per pulse ' A compromlse solutlon ‘was found w1th:_'-__:_.r'i

'7'7“7:'_';1_7:'Neodym1um Yttrium: Alummmm Garnet (Nd YAG) - lasers “whose :- g
© fundamental’ wavelength of 1.06 pm_ failed t0 meet the desire for visible
SR 'operatlon but could after sultable d1scuss1ons and modifications by the

: :_i"laser manufacturers, provide all other aspects of the SPGMﬁcat“’n To
o reduce the "problem of non - v1s1ble _operation, television cameras were

'_1dent1ﬁed wh1ch could operate successfully w1th Teasonable. photometnc'-"‘

L sensntmty m tlus part of the . Spectrum Fortunately smtable hxghf .

"'efﬁclency (50%) frequency “doubling | crystals became avaﬂable ~which . -

prov1ded operatlon at 0. 53pm thus producmg a visible: output and 80"
completing. the initial specification. =~ Operation of frequency doubled,
double’ pulsed Nd.YAG was successfully demonstrated. One problem with
this’ type of operation is the demands placed upon’ the pockel cells and :
1ntra-cav1ty etalons, optical components within the laser cavity, Whlch' .
_ have not premously been operated under such demanding mterferometnc:
3 -_cond1t10ns ‘Thermal problems associated W1th the high energy inputs to
absorptlve devices led to beam J1tter, causing laser beam stablhty_' |
problems One. novel approach of this work was the opt1cal injection of

' diode seeded laser energy into two Nd.YAG lasers to enable high quality,

fully variable double pulse ‘operation of an interferometer. Such
| equipment has been specifically designed and produced for this research.
This approach provided all the attributes laid down in the equipment'
specification. ~ The combination of all three aspects - commercial
instrumentation, computerised fringe p_a'tt'ern analysis. and twin pulsed
Nd.YAG laser based ESPI - provides equipment able to satisfy the needs
of the end users and is now acquiring industrial interest. |



- momtormg

_ Iﬁgure 1. 1 wh:ch also lughhghts ‘work breakdown 1nto chapter o
e .headmgs The contents of these chapters are: o

- Chapter 2 Prmclplel of Holography

The" mathemat:ca] background is- presented w1th comments on ;. 5 2
s materlals and dlﬁ'erent recordmg techmques _' R _
- Chapter 3 - HOIOgraphlc Interferometry S

| 'Thls chapter presents the practlcal studles of how holographlc D

i ___VPI'OVlded a mechamsm to mtroduce a new type of engme condltlon

o *‘Chapter 4 - ‘Double Pulsed Holographlc Interferometry L
_This chapter considers the experimental and theoretical reqmrements S

and. the problems- encountered with the synchromsatlon electromcs |
An expenmental study is presented which required the equipment to
be used for 1n-81tu v1brat10n analysxs of a large mdustnal turbo-
N fcompressor o '

-"_Chapter 5 - Electromc Speckle Pattern Interferometry _
- The pnnmples of ESPI operation “are outlined and experlmental

) techmques discussed. The 1mt1a1 system conﬁguratlon is considered

" followed  with  the. de31gn changes and innovation necessary for

~ commercialisation of an instrument. The basics of computer based
fringe pattern analysis are considered. - '
Chapter 6 - Double Pulsed Electronic Speckle Pattern
Interferometry
The principle of operation and the problems encountered Wlth ruby
and Nd.YAG lasers are discussed. The background to the twin laser .
| concept is presented with expenmental venﬁcatlon of the technique.
| Chapter 7 - Conclusions . - N

This chapter ‘details the methodology wh1ch brought about the
: development of new approaches to initiate commercial uptake of the
concepts. The 'experimental studies undertaken have to gome extent
| condr'tioned the routes taken, problems encountered within industry

Do e



i have helped formulate the tech.nology programme All of these factors oz S

' led to a ﬁnal experxmental umt Wthh was dlfferent from the origmalk
* concept. . ) | .
' Chapber 8 - Future Work

_‘Th1s chapter consrders the potent1al mdustnal areas of mterest and e

R exammes areas for future research and development

_' Appendlx 1 Pulsed Ruby Lasers and Thelr Operatlon

" Details the descnptron of sohd state lasers and the demgn changes S

. made - to ‘the . ‘ruby | lasers used The" background necessary to--_""'"

= "__'undertake the changes from ruby to Nd.YAG lasers is presented A
g full understandmg of pulsed laser pmnmples 1s reqmred to attemﬁtf;?'f;_'

: 'the design’ of the novel twin. laser eqw.pment e e

‘Appendix 2. - Speckle - Pattern Image Formatlon and'-- o

Correlation Interferometry

| Prov:des the fundamentals of the 1mag1ng mechamsms and how~
” speckle pattem correlatmn 1nterferometry dltfers from Holographlc
| Interferometry These differences. are turned mto operatlonal
advantages and prov1de analytlcal solutmns whxch, can “be
~engineered into instruments. ”
Appendix 3 - Experimental V1bratlon Study Usmg Tlme-_ '
. Averaged ESPI on a Clamped Square Metal Plate

- Provides a companson between a theoretical prediction of the first

six modes and results obtamed using time-averaged ESPI.
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s CHAPTER2 o
PRINCIPLES OF HOLOGRAPHY

20 _Bgck’gx_-g" ound

Optms is. second only to astronomy as the oldest of the physlcal scxences"-
e to be studled by man,’ Its real sclentlﬁc roots are based m classu:al

~ Greek studles and optlcs has spawned many ﬁelds of mterest in. modem

tlmes It is mterestmg to. note that as our knowledge base expands and"j.'

the sub_]ects of studles prohferate, opt1cs is- bemg moved more and more to

- -'the srdehnes The development of the laser dunng the 1960‘s saw a_,-_,_

R resurgence of act1v1ty and’ money, whlch unfortunately dxmlmshed 'durmg

e ”_',‘the late 1970’ The lack of 1ndustna1 acceptance may be due 1n part to

the reliance upon ‘the human eye - as ‘the final 1mag1ng transducer in a
system Television cameras and other imaging sensors are of

- comparatively low resolution and have not easily been linked to wholefield

data reduction facilities. | Today the' relatively low' cost' of- 'digital )

'_ : computing eqmpment and ava11ab111ty of smtable video to d1g1tal
'_ interfaces is prov1d1ng the ﬁnal vital link, - Despxte the numMerous papers

concerned ‘with holography and holograph1c mterferometry dating from the
late 1960’s that refer to the computensed data reduction as an easy but
tedious task - it has been anything but! Unfortunately the imaging
sensors which are avaﬂable still rely upon a detecting system which |
measures either light amplitude or irradiance (the square of amphtude) -
No detectors available are sensitive to phase and therefore any recording
system still relies on phase discrimination using an intensity method.
This approach was identical to, that chosen by Gabor [1,2,3] in his
attempts to improve the imaging ablhty of electron ~microscopes. His

_ intention was twofold:

1. To correct the spherical aberratlons of the lenses used mthln the

' microscope. . '

2. To record the scattered ob;ect electrons w1th1n the microscope in a
~ fashion wh1ch allowed reconstructmn of the 1mage using visible
' I1ght '

- 11



e "5;_ A consequence of thls later approach was that magmﬁcatlon (M) would be o

'lmearly related to the rat1o of the wavelength of the electron (7LE) and the -
vnuble wavelength (lL) as shown

B '.The mformamon about the sme and shape of an obJect is carned in both.'

’ the phase and 1ntensrty structure of the wavefront and both must be_

" encoded to’ record: the complete obJect wavefront Gabor’s approach for -

wh1ch he recelved the Nobel prize 1n 1971, was to adopt a techmque used'.;":: '

in- “radio, namely to combine a carrier wavelength with ‘that from the

- ‘s1gnal and use mterference between the two to. record both intensity. and_' |

phase.. Upon. playback, demodulatlon of the complex ‘wavefront takes <

place’ w1th a second identical carrier wave being diffracted to generate the :
0r1g1na1 complex wavefront. This mterference pattern could readlly be'
'-recorded usmg a high resolutlon photographlc plate

Unfortunately WhllSt tlus magmﬁcation is lmear the aberratlons mcrease )
| w1th the thlrd and fourth power of the ratio. To demonstrate the- :
-~ feasibility of his 1de_as he first used a I_ngh pressure mercury arc lamp (of
very lirnited'coherence length) to record-a visible hologram. The 'same_ :
arrangement was used to reconstruct the image from hlS ‘on-line
hologram,’ see Figure 2.1. N

This method of 'wavefront reconstruction’ as it was described is shown in
Figure 2.1. In Gabor’s experiment the object was a transparency of a few
opaque hnes upon a clear background The 'major limitation of this
approach was the need for the observer to view the reconstructed image
along the axis of the illumination. Whilst this demonstrated the
recording and playback ability, the second part of the experiment, the
image magmﬁcatlon still awarts the availability of a commercia]ly
_produced coherent electron source. . ' '

1 __
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- 'I‘he on-axis recordmg and v1ew1ng arrangement was a 11m1tatnon whlch

_ _remalned untﬂ longer coherence hght sources. became avallable The._,.-,

advent * of the laser enabled an alternauve end pract10a1 Off-a:ns
% ,‘.holograpluc recordmg techmque Capable of “imaging - drffuse,. three .

dimensional obJects ThlS is accredlted to: Le1th and Upatmeks [4]’ WhllSt o

| i) workmg m optlcal processmg of synthetlc aperture radar data erulst :
) '_._they had been able to produce off-ams holograms usmg mercury arc ¢ -
"~ sources, the laser source resulted in shorter’ exposures (seconds instead of .

_ -'manutes) and the greatly mcreased coherence of - the laser reduced .the
physxcal constraunts on the allgnment of the optncal eqmpment g

| Denisyuk [5] in 'the deiet Um‘on reported around the "s'ame time, the
ab111ty to replay in-line holograms using white hght 1965 saw the most

significant’ apphcatron of  this’ branch of optlcs with reports by several_ .
different w0rkers of Holograp}uc Interferometry (HI). This combined the -
L oﬂ'—ams advantages of holography with- the ab111ty to accurately descnbe

~ object dlsplacement ‘using mterferometry The basrc arrangement for_ g

recordmg and replaymg an oﬁ' -axis hologram is shown in Figures 2. 2 and
2. 3 '

‘When- polarized ‘wavefronts combine, the intensity (I) at a point in the
field is given by: ‘ ' -

I=L+L+2yTLcos¢ (1)

with I, a'nd‘IZ_ the intensity vectors and ¢ the phase difference.

14
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1 e. when ¢ q> 1 =0 :‘Zn, 4n ... etc.“_
: hence T o ' SRR o S

':'__f._ja;'_;d-,l,;,,,f ooc'urs_'when _'co:s"rb_‘_a-.' .1 Sl

- 1e When ¢ = : n:, + 31: eto.”'. R

-

o -i-..It is usual to refer to the oase where I > (Il+Iz) as g_'__m_m

| ;_n_m_@mn_c_ and II+I >1as deg!;rugtlze 1nterference When I, = I2 then "

2I(1+cos¢) I _
4ICOSQ -. | . . (4)

!
H

showing the pattex_'n varying with the square of the cosine.

2.2 Recording Principles

- The irradie.nce distribution which is recorded by the photographic
emulsion will generally be descnbed by equation (1) and the contrast or
fringe VISIbllltY (V) is defined as:

vzam,-xm,n)/am_nm) e

Since the photographic emulsion responds orﬂy to the" intensity of the

exp'osing light it is obviously necesgary to optimise the response. Hurter

- and Driffield in 1890 characterised ‘photographic plates by usmg a plot of

optlcal dens1ty (D) of the developed plabe agamst the log of the exposure
E®).

16



. The exposure (E) is deseribed byr o

BN . '._"'where t is. the exposure t1me and I the mtensxty of the hght The general
i form of the curve, showmg a toe, stra1ght lme portmn and shoulder is

glven m Flgure 24 R

Log E

Figure 2.4
The Hurter and Driffield Curve

" The str_aight line portion of the curve is represented by:
D =y (og E - log K) B )
where v is the slope and log K the intercept with respect to the Log E-
axis. . y is more usually thought of as an 1nd1cau)r of the contrast of the :
photosensltlve material. -

17



ff'ZOn a practrcal note it is usual t0 ] pass the toe of the Hurter Dr1ﬁie1d':i{‘"’_“?

- curve and work wrthm the strmght line portion of the curve to ensure a

. linear response of the photosensmve matenal One way of surpassmg the =
toe is to. use a stronger reference beam Theoretlca]ly for maxunum;q_ o

s .__contrast an. obJect to ref‘erence beam ratlo of 1 1 1s 1dea1, practlcally 1 10

is. usual to overcome thm matenal constralnt

__'_;__The purpose of the hologram 1s to reconstruct the ongmal obJectV -
.. wavefront.. Thzs requ1res the regeneratlon of' 1ts complex amphtude Uy
B by replaymg the. hologram Wlth an’ 1dent1cal reference beam (having thef_fj'

= -~ save wavelength wavefront curvature and spatlal locatlon ‘relative to«the'— 3 N

holograplnc plate) When re-illuminated in tlns fashmn, the hologram will - .
' diffract hght away from its plane to recreate the ongrnal obJect wavefront. = . .
'To do thrs requires ‘that both the amphtude and phase wavefronts are .

- faithfully reproduced. As stated. earlier the recording medium only .

responde to square of the amphtude (1rrad1ance) The' object ‘wavefront

.71rradlance (ll) ig:

. I1 = 'U'l Ul"“:  where Uy is the complex amplitude
' U,* is the complex conjugate

~ This is a real quantity and can be recorded when combined with a

reference beam on the photographic emulsion. As shown earlier the

phase and intensity distribution of the object ‘wavefront can be
reconstructed using the reference wave to demodulate and ‘playback’ the
hologram. '

- For an off axis hologram the complex amphtudes at the holographm plate

' are shown in Flgure 2.5,
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_ Flgure 2.5 :
A General Descnptmn of the Wavefront
Amphtudes Seen at the Holographzc PIabe

For the generahsed pomt on the emulsmn surface the two combmmg '
wavefronts are given by:

Object U, = ane‘”; o _ (8)
Reference Uy = age®, - = 9
Ty = (U, + Ul = lae, + agetl ? (10)

= |acos0, + jasing, + azcos0y + jagsingg | 2
= lacos, + agcosdy + jlasing, + e.Rsin¢R)| 2
= (a,cosd, + agcosdp)* + (asing, + agsingy)? .
| Coan

= a2 cos? ¢., + ag’ cos bg '+ 2a aR cos ¢, cos;q>R
+ at sm ¢., + aR sin? ¢R + 2a,a; sing, sindy _
= a, + 2 + 2aaR cos (q)., _¢R)_ , a2
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. .Then let 65 = -gggihen'
S A

where, _the thu'd term m equatlon 12 1s usually referred to as the '_

mterference term and consrsts of carrler ﬁmges of spatlal frequency (f)

P __ smGR/‘)t Whlch are modulated 1n amphtude by a (x,y) and phase by ¢°

RN,

Assummg the hologram to be correctly exposed and processed 1t has aj'_
complex amphtude transnnttance (T) that can be expressed as a funct:on1
L of exposure as shown in Flgure 2 6 : S

where Bis the slope of the amphtude transmzttance plotted agamst the
exposure of the recordmg matenal in use; - '

. T(x,y>—m10 (x,y>+1R<x,y> L
+ 2a0aR cos (¢o -21rf)} (4

The terms Bl (X,Y) and I?:IR (x,y) Wﬂl' ”u.sually be uniform over the
holographzc plate and s1mp1y represent a bias level T.. Thus by the
~ correct balancing of the obJect and reference’ beam intensity ratios the
best contrast and signal to noise levels can be achleved wzthm the
exposure capablllty of the holographlc emulsion,

20



o Figure 2.6 _ | L
Plot of Transmittance-Exposure Sensitometric
Curve for Photographic Emulsion

PHOTOSENSITIVE
MATERIAL

"1 ~SUBSTRATE
S - Figure 2.7

' A Holographic Diffraction Grating Formed by

. Interfering Two Plane Wavefronts Uy + Us
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= To determme the su1tab1hty ef the recordmg matenal 1t is’ neceSSary to--j;f

o calculate the mformatwn dens1ty generated by the ﬁnal term ‘
a8, cos(¢o “¢p). The first two terms can be thought of as “non- o
contnbutory 1ntens1ty levels To simplify the analyms, ccnmder two plane" '

o _wavefronts mterfermg at: the emulsmn surface, as. W1th a dlﬂ"ractlon__f,

o :"_fj ;:'jr-'gratmg shown in Flgure 2. 7 o e T T

If UR and U0 are equal and mcldent each at the same angle to the plate;"__ o

R 'normal the resultmg frequency (f) of the frmge pattern W111 be glven by - .

f 2s1n e let e— 45° ‘and x 633 nm _7--"" S

| then f = 2234 hnes mm?! ora fnnge spacmg of 0 45 pm. 'The recordmg N
material must therefore be able to record up to 2500 lines mm?, requiring
specialist photographm emulgion. Typ:cal photographic emulswns w111'
usually record up to 500 lines mm?, The price .paid for resoluhon is
. sensitivity, holographic emulsmns reqmre 1x 10° Jem?, compared with o
-1 x 10°% Jcm2 for a 100 ASA photographic emulswn The thxckness of '

holograph:c emulsmn is typlcally 10pm” and so care must be- taken to

. ensure suﬁiaent development time to process through the depth of the
' sih_rer. hal_ide emulsion, . Realisation that the fringes align themselves with. _
“the angiﬂar‘bisect’or between t'he:_two beams requires that all holograni_s
be made with the plate normal aligned with this bisector. In this way-
any emulsion expansion or contraction does not affect the stored
~ interference pattern, as shown in Figure 2.8. |
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One minor constramt concerning the angular posmon of the reference-j_f_"r'r'
S beam is when phobographmg the resultant hologram ‘The angle between_-"
the reference beam and the plate normal should be greater than. 25° to

~avoid camera ﬂare from the reference beam dunng photograplnc_ﬂ

U recordmg

'__Recording - Replay Ernulsmn Shrmkage

Figure 2.8
Effects of Emulsion Shrinkage on
the Reconstruction Angle
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o 2. 3 S;lxer_ﬂude_Emnlsj_Qna

i 'hardness and swelhng propertles

.231 u;mmm

Ay Holographlc emulsmn conmste of a phymoal support of glass or plastxc E

. 'sheet Wthh ig coated W1th photosensmve emulsmn The emulswn congists .

_of gelatin which is the colloid into which the submicroscopic crystals of

s11ver hahde (usually sﬂver bronnde) are prec:.pltated ‘and sensmsers o

* which give the sﬂver halide enhanced recordmg sensxt:mty to a speclﬁc P

" ‘wave band of light. Emuls1ﬁers may be added to control the gelatmf.:

. .; S

o Holographlc emulsmns must prov1de hlgh resolutlon or m optlcal terms a

'_‘hxgh modulataon transfer functmn (MTF) at hlgh spatlal frequencles ThlS ,

“ means that the emulsion grain size must be smaller than the 1nterference -

‘pattern to be recorded. In order to be able to record optical interference

R patterns' (wavelength range 0.45 - 70pm) the holographic 'emulsion

y reqmres to have a graln size of at least 0045 -.0 O7pm Commermally '
available ‘emulsions typically have a grain size of 0.03 - 0, 0811m, though
. the mean grain’ sme, ‘standard deviation ete. are the ‘variables each -

spemﬁc manufacturer controls. In conventional photographlc emulsions

~ the grain size is 1 pm and is ‘therefore larger than the wavelength used L

- The size of the grain directly controls the sensitivity or speed of the '
emulsmn, by presenting a larger volume for the photon to encounter
within the gelatm matrix.

It is also necessary that the grain size is smaller than the illuminating
wavelength so that Mie scattering and diffusion will not be significant.
Whilst these two factors _do not directly. contribute to the sensitivity of an
emulsion- the overall effect of size reduction of grains does not produce a
linear reduction in speed. Further factors such as the packing density of |
‘the grains, the consistency of distribution within the emulsion and the.

mark space ratio within the entire volume all affect sensitivity. These . |
_are significant because the mterference pattern is recorded within the full o

’ three dimengional volume of the emulsmn unlike photography where only' -
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the mtenelty dlstnbutlon across “an - area  is’ mgmﬁcant Thus the.j""'r"_"
probab1hty of a number of photons being absorbed is proporuonal to the-

volume of the crystal or the cube of the mean crystal d1ameter

The s1mphﬁed recordmg mechamsm rehes upon ‘the photon supplymg‘f'_:___r_ B

e energy to the ‘Thalide: ion in order to release an electron _The electron -
-+ then attracts a s11ver jon to produce a s11ver ‘atom. Thls metastable
“ " condition can exist for about cne second dunng which time 1f two silver -~
| _:'atoms congregate then a stable partxcle w111 form. In order 1o produce a ”

“ " gtable - latent nnage that can be developed typzcally four s11ver atoms are

S __f'reqmred PRI DO SUE I E PO

This process can be summarised as;

Br+hv — Br+e | | - .
e'+Ag*—éAg' L B e

'_-where hy represents the photen energy, Br the hahde, e the electron and -
Ag the sﬂver atom | R

The latent image requires an optimum rate of photon adsorption during
an exposure, conseguently, very long >10* sec (astronomical photography)
or very short <10° sec (pulsed holography with 10-2(_)' x 10* sec) exposures
do not follow the relationship of E = It. This is known as reciprocity law
failure. Thus for pulsed holography a doubling of the suggested energy is
required for optimum exposure of the emulsmn (given in the.
manufacturer’s data sheets). -

Chemical development of the emulsion renders the latent image visible.
The thickness of the emulsion and the readiness to allow. the chemicals to
‘soak through the gelatin are factors which effect the development time
and the quahty of processing. The developer reduces the exposed gilver

. halide (the latent 1mage) to - metalhc silver. Subsequent procesging in - -
o ﬁxer dxseolves the remaining unexposed silver halide leaving the metallic
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s ._sﬂver in- the gelatm matnx Thls results in an’ gmp g;dg hQIQgram and

upon reconstruction, - the - mtensrty dlStI‘lbutIOIl of the metallic silver =

__ diffracts the reference beam to recreate the obJect wavefront Bleachmg_'

of the silver converts the’ s1lver to transparent sﬂver salts which have a

S - '_d1fferent refractwe mdex to the gelatm This 1s called a pl_;gg_e_l_x_olggr_m S
| hologram because the deferent refract:lve 1nd1ces dlffract ‘the: reference:-"r
-_'-'ibeam The advantage is. a reduced absorbnon of ‘the: beam, ie. the

. diffracted beam will be more 1ntense produmng a bnghter 1mage of the:",

":recorded obJect

232 Holographic __E_ia!;_.]g' ions Used -~ - - o7

| Holograpbi.c-emulsions manufactured' by Tiford and .Agfa.' Gaevert Were the .

two types used, Kodak did not consider the UK market large enough to |

~ warrant 1mport1ng material from the U S.A. A companson between them,
: mcludlng spectral sens1t1v1ty is glven below.

Tifor

| Emulsions - manufactured by the Ilford company are only recently.

commermally available, In general they appeared to have the. most

consistent’ performance espec1ally in terms of sensitivity, gram size and
emulsion hardness. The quahty of control of the emulsion appeared to be
the best presently available as’ did the consistency of the emulsion,
Though the emulsion sensitivity is hal_f that of other makes, e.g., Agfa, for
red sensitive material but is compatible with Agfa in the green. Figure
2.9 presents the manufacturer’s sensitivity data.
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The above curve shows the speétral sensu.:ivzty. of SP672

holographic film to wh:.te light (flash exposure
4g). .

~ Figure 2.9
Relatlve Spectral Sensitivity of Tiford SP673
and SP672 Holographm Emulswn
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. _gﬁa 10E75 (red' Sensitive) and10E56 (green."“sehsitive)"'A'gfa""emiﬂeions,""':ﬂ_' o

L have been the standard emulsmns for holography in Europe - Figure 2. 10'

-'presents manufacturer‘s senmtmty data. A number of problems were - |

' encountered 1nc1udmg : supply of fogged plates (apprommately 1 in 10

| _ boxes would be damaged in this way), scatter and optlcal noise - ﬁmctlonsf_ﬁ_f_

o of the spread of sizes of the sﬂver hahde gralns, varylng sen51t1v1ty from’--*-'

batch to batch requmng a best plate to be exposed for each batch

. . - . §
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Attempts to use the various alternatwes to sﬂver hahde were made';

_ recordmg propert1es of each matenal is. tabulated below '

o 24 Asse m nt _"-Al‘ rnative Holographi M SO IP O P

The '

- '-‘Recordmg Resolutwn Nommal Wavelengtﬁ o
' ,f:..Materlal s mmt Sensmwty mm
L L uJ/cmz_ e R I

. gET6 . 4000 0 10 633 R

_8ES6 4000 C.25 - - 514

:"Kodak 120- 02 >2500 . ,30_" . 63
Dford SPE72 57000 50 514
sPer3 7000 50 633
. Newport. - 7 o

 Thermoplastic 1000 100 633
- (Honeywell) R A

. Rottenkolbe 1000 100 633
" Thompson - e o
CSFBSO 1000 10000 514
 Shipley o -
AZ1450 >4000 10,000 458

Dichromate _ _
- Gelatin >5000 400 488

© Table A. Compaﬁson of Holographic Materials .
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| ”"As an alternatlve to sﬂver hahde recordmg matenals, two commermally e

- available dewces usmg thermoplastzc matenals were evaluated, ‘they were
- produced by Rottenkolber (Germany) and Newport Corporatlon (U S.A.).:

- __..Attempts to. use the Rottenkolber dewce Were hampered by - poor_*.s'j'

e avazlabrhty and lack of support in tlns country Spec:ﬁc tests had to be

o --_-_?.."abandoned and no tnals were performed

i _The Newport Corporatwn devrce was loaned by Metax Ltd the then U. K. o

'agents for - Newport Holograms ~were’ ‘made usmg Helmm-Neon and*{;:.

: Argon-Ion contmuous Wave lasers Unsuccessful tests were tned &smg a
2 pulsed ruby laser. The followmg concluswns were drawn o

The ;recording device was the Newpo_rt HC]..OIOO' th'ermoplaStic plate
system., This produced reliable and consistent results. with no residual
fringes. However, the capital cost (£13K) and consumable costs of £1 per, |

_hologram made ‘the eqmpment expenswe No- archive results could be

N produced. The photometnc sens1t1v1ty of the Newport plates neceSSItated__ |

~an 1ncrease in laser power of a factor of 10 over silver halide emulsions.
‘The spatial resolution of photo_-thermoplastlc material is centred at 800 1.
mm? (diffractive efficiency of 0.34) with a spread of between 600 1 mm™:

- - ‘and 1200 1 mm®, This limits the angle of view to a cone of solid angle

20°, Thus large objects have to be viewed further away than for silver
- halide materials further reducing the returned object beam intensity and
increasing the exposure time. One advantage of this method of recording
is that a phase hologram is directly recorded. This eliminates the phase '
shift associated Wlth the silver halide hologram and prowdes a bnght Zero
- order fringe. '
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. Advantages of Thermplastic Materials

m

'h”il”th Emul1n

o ;Ideal for in- sxtu recordmg, processmg and reconstructlon

o '."The emulsmn (of dlmensmu 36mm X 24mm) was mounted on’ a

i '_glass plate and was capable of being reprocessed up to 500 tlmes,_,_:_;_-"_'_'-“ |

replacement cost of emulsmn £500 (1e, umt cost i==_£_1 “per T:.

S hologram)

Best. surted to real t1me holograph1c mterferometry ;;_'_ﬁ e
-ngh dlffractlon efﬁmency (up to 15%). L R “
" “-;','Processmg takes approximately 10 seconds (1 m1nute pre-processmg_

~prior to eXPOSure for erasure) g

-

:".t - Erasable

Disadvantages

Imtlal capltal outlay is h1gh apprommately £10K.

Quahty _control of plate manufacture is- poor, leadmg to large L

vanablhty in plate to plate performance '
Ghost images can be retained after erasure. | .
High voltage device leadmg to sens1t1v1ty to mmsture, dust and -
temperature : §

Complex 1nterdependence between dlﬁ'ractlon eﬂimency and spatlal_

. frequency giving rise to process and device specific arrangements

Complexity of operatlon layout and repeatability (numerous
holograms failed for no apparent opt1ca1 reasons)

' Conch_lsrons

This

was an expenswe option best suited to a product:on line

envrr_onment. The spatial frequency limit was too restrictive for studymg

large objects unless positioned a greater distance from holographic plane

resulting in reduced object beam intensity.
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.-An experimmt was conducted in eonj'unction' Wlth Thompson CSF ':at": '

Mulhouse, Strasbourg, France. A small 8 inch (200 mm) d1ameter metal
: :_dmc was illuminated w1th 500 mWatts of Argon Ton radlatlon at 514 nm, -

:__"The results were wewed via a Thompson vidicon telewsmn camera in rea] £ e
S t1 Whﬂst able to show various. real t1me wbratlon modes the penalty

 was hght sensmwty “The active optlcal component Was a cube of volume"'___ i

-. 1 cm“ °f B1smuth 31110011 Omde (BSO) wh1ch was. actlvated w1th a 1 KV

SRl Adgantaggs‘of B_so Comp ared with Silver Halide Emulsions -~ =~ - -

In situ recording and processing.

Smted to real time holographic mterferometry
Processmg takes 5 seconds

Eragable.

. 'Disady_ antages __

~ Only available as experimental units. .
" Requires high voltage blas voltage for operatlon
‘Non permanent record.
| Very insensitive to argon laser light.
Low resolution with.consequent object size restrictions.

~ Conclusions

Not a device best suited for Holographic Interferometry, highly
uneconomic in light usage, not fully supported or commercially developed. -
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The cost of commerclally prepared photoresmt plates (usmg Shlpley
'AZ1450 resist) are proh1b1t1vely expenswe - £14 for a 4'x 4" plate :
_Therefore a manufactunng facility was estabhshed w1thm the department.

The surface quahty of the. coated plate 1s hlghly dependant upon” plate o
‘"i_cleanlmess and a dust free coatmg enwronment Enclosmg the coatmg
plant. within' a plasuc hood ‘with fan' extractlon for the fumes 1mproved f

__the plate quahty Development rehes on the removal of exposed res1st '

S " the’ deve10per used was sodlum hydromde w1th a dllutron of 1 4 for 1-3

':j'mmutes e e e T ".

-

o Ad an aes of Ph ' i:resist'_C' m aredw1th Sil er. H lifde Emulsmn ..

H1gh resolutlon _
Surface rephcatlon of hologram can be made for cop1es e

o Disadva'ntages'
| Spec1al1st coating techniques needed.
~ Very insensitive compared to photographxc matenal
High cost per plate . . : _ .
. Peak sens1t1v1ty is at 350 nm (1 e. w1th1n the UV spectrum) The

output power of Argon lasers at this wavelength is less than 50
mW. | '

~ Conclusions

Not suitable for'Holographic Interferometry.



. 2.-‘4;4 big h‘fgmm’ Mg‘ tn SRTRIEES SRR

- 'S1m11ar coatmg requlrements to photoresast are needed although the glass- :
i from silver hahde plates can be used after the photosensmve material has L

been removed usmg ﬁxer The gelatm needs to be sensztlsed usually w1thr

;.ja solutmn of ammomum dlchromate and exposed thhm 48 hours of

e _'_'sensmsatlon

Specialist coating techniques needed.
- Jvery ingensitive.

- Conclusions

~ Not suitable for Holographic Interferometry.
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" This chapter has introdnced- the principles- of holography as a walrefront

B _reconstruct:on process. It has considered the expenmental processmg

'—reqmrements and hlghhghted some optlcal arrangements necessary bo -

S "m1mmase replay errors.

An appreaatmn has been gamed of the range of med1a avaﬂable for'j. o
(e producmg holograms S f e S f B L
.+ Based on expenmental work an’ assessment of the - most smtable"' o
e aterial - silver hahde - allowed the determmatmn of the opt1muml,_'_:_
o conditions for processing. . IR RPN e ;
-?”Reqmrements of chem1ca1 processmg were 1nvest1gated for both'.m o
'contmuous wave and pulsed holography N S _' |

. “Techniques to minimise the effects of emu1s1on dlStOl‘thIl by the
experimental arrangements have been conmdered and solutlons :
‘detérmined. | SRR
Little difference - in performance between ' the Agfa and Ilford o
- holographlc emulsmns ‘was detected. A trade off of resolutmn ‘against
speed is acknowledged and in this respect Agfa ‘emulsion was used for
subsequent expen_mentatlon although Iliford emulsions were more
consistent in emulsion quality. | o
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S CHAPTERS
- HOLOGRAPHIC INTERFEROMETRY

Shortly after 1t;he demonstratmn of oﬂ'-ams holography by Le1th and i

B '-::'_:,Upatmeks [4] the reahsatlon of 4 new form of interferometry dawned on -

b r,many workers dunng the next few years The reportmg of this capab111ty:

then spawned enormous efforts all over ‘the world. A fundamental L
e attractmn was the ab1hty to wsuahse whole ﬁeld dJSplacement of a_:_. S

f a quant1tat1ve fashlon Books about Holographm Interferometry used ;':f

T _-_extenslvely here are those by Vest [6], Erf [7] and Caulﬁeld [8]

" In order to design interferometers which generate data in a- form that can

_be usefully analysed it is necessary to describe what the fringes mean, o

'how they are derwed and how they can be altered to extract the data
5 requlred The locatlon of the object. and obJect 1Ilurmnat10n relatlve to the
recordmg matenal determine the overall sensitivity of the fringe pattern
Sub-fnnge mterpolatlon and automatic fnnge pattern analys1s are left to '
‘a_ later ehapter_ concerned with these matters. Different arrangements '

~and methods are used for the range of experimental measurements .

B needed. - Thig work concentrates on yibration and static displacement
studies of diffusely reflecting objects. '
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When a correctly processed hologram is kmematlcally relocated in. 1ts

_,:_._-;_i{f'_f_onglnal position and re-illuminated with the original reference beam, the
e __'_:V'j.reconstructed object beam produced ‘will be identical with the original
object’ recordmg beam, Thus' when the recorded object bearn is combmed"ﬂf.._.. E

~ with- the original ob_]ect beam’ the two constructlvely 1nterfere and the_;'

- T‘_1rnages re-1nforce one another. . Any relatlve movement between the

. recorded posmon and the hve 1mage shows up as a senes of contour T

o .'ﬁ'xnge patterns outhmng the. areas of dlsplacement However, the

-’-_reconstructed ‘wavefront will have ‘undergone a umform phase shift of 1 -

B -'radlans due to the recordmg process produclng a photographlc negative.

_Usually for holography thls is not considered because the sign of the
1rrad1ance is irrelevant, Therefore the complex amplitude of the
: 'reconstructed wavefront will be descnbed by -a(x,y), Whl].St the current
live 1mage wﬂl be a(x,y) exp []Ao(x,y,t)], where Ad 1s the consequentlal o
phase change under the loadmg of the object at time t e |

__‘The resultant irradiance seen will be the sum of the squares of the two
. .wavefront amplitudes. ' '

Tt = b b aey) oxp 540 Gl |
(a'(xy) + a'(xy) exp (A9 (=xy,0)]) (15)
= 2a2(x,y) [1 cos Ad (x,y,t)] ' (16)

Thus with no phase change a dark fringe Will be observed with a phase
change of /2 a bright fringe will be seen. Points which have undergone
~ identical levels of phase change will be lmked and will appear as fringes..
If the surface is contlnuous and no discontinuities are present then
fnnges will -describe. contours of constant value. In the context of the
. nature of this work these fringes represent displacement. The intensity of - |

these frmges vary cyclically - with displacement amphtude and be

‘modulated by a cosine function, A comparison between - this type of
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- ‘_holographlc &mge ﬁmctlon and the frozen frmge Wpe is presented m
~ Plates 1 and 2. These show a clamped metal plate centrally loaded with

'10pm of d13placement Full expenmental detazls are presented in Sectlon'

_.The advantage of thls type of 1nterferogram is that the surface can. be L
-__loaded or excited and prov1ded that no mdlscnmmate dmplacement has‘". -

taken place, frmges w111 be seen in real tlme ‘The" dlsadvantage is the

'_ _' practlcally, usually leavmg several remdual frmges over the component

One 'technique tried 'usmg'holographic'plates was to'immerse the plate in

water in a liquid gate (a glass sided developing tank) prior to exposure
Once the plate was exposed the processing chennstry was pumped around

R oomple:nty mvolved m arrangmg the s11ver hahde emulsmn to replay in
1ts ongmal 1ocat10n Emulsxon shrmkage after processmg combined W1thf -
the plate relocatwn kmematlcs render this  a' difficult techmque Lo

-the hqmd gate with the processed hologram being viewed Once agam in-

- water. A method best described as cumbersome The plate Would replay -

well b'ut‘did' not render itself to industrial application. A commercialised
_ version made by Laser Technology Inc. via Ealing Electro Optics PLC ‘wag

tried but leaked badly during tnals and failed to ‘produce holog‘rams in

' the central third of the 35mm format film used.

3.1.2 Frozen Fringe - Double Eggoggrg Analysis

Initially, real time: 1nterferometry was performed on components to

determine test conditions worthy of further investigation. Subsequently--

the various conditions could be permanently recorded by double exposing

the holographlc plate once at the rest position (U,) and re-exposing to a.

second loaded position (Ug) Prowdmg that no other spurious movement .

took place between the exposures, the processed holograplnc plate
: prov1ded fringe pattern data deta11mg the surface motion as:
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o I(x,y) = IU'1 ¥ ]'J2 |2 , (17)
' where Uz, ) = a(x,y) exp[—3¢ (x,y)] -(18)
. Uz(xay) = axy) exp(ilp ) + A¢ (x,yn} (19) .

~ Thus the reCOnstructed ,wave 'fre_‘mt be_comes';t LA T

ol I(x,y) la(x,y)exp(-Jq}(x,Y)] + a(x,y)eXp {J[¢(x,y) + A¢(x,y)]}l
SE : - (20) - |
o= <x.y> L+ co A¢ <w>1 ey -

_A pomt W1th no . phase change between exposures wﬂl be bnght areas _.7 o
- which- have undergOne a phase change of 1:'./2 will be - covered m dark_-i e

7 'frmges, a plot of the frmge modulatlon agamst phase change is gwen m._r-
F1gure 3. 1 A comparison of this frmge type with live frmge results is )
given in Plates 1 and 2. Expenmental detalls are gwen in Section 3.4.

T
2 3

.
~d

x fadians

Figure 3.1 . |
7 Plot of ange Pattern Intensity Against Phase Change
: (Surface Dleplacement) for 'a Double Exposed Holographm Study
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‘ - Plate 1. ) - o
A Live Fringe Recording of a Clamped Metal Plate Centrally Loaded
ek ~ 9pm of Displacement. (Dark zero order fringe) =~

I . Plate 2. s
A Frozen Fringe Recording of a Clamped Metal Plate Centrally Loaded
-~~~ 10pm of Displacement. (Bright zero order fringe) |
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In 1965 Powell and Stetson (91 pubhshed the results of a holograph\c o
i ;;;'recordJng made whilst the object Was smusmdally vibrating.. The resultant ' )
dlsplacement analys1s ‘can be traced back to Osterberg [10] and 1s P

e summansed as- follows Usmg a8 clamped metal plate as the example, if

f ;'.f_f--'the plate V’lbrates amusozdally, see F&gure 3 2 the dlsplacement of any
. :' surface Polnt will be descnbed by B S TG

S _',_jD' '(:a,j_r,t)r_'_;z (x','y)_“ sin O,t @ -

* . where D is the Amplitudo at position (x,y) and @ the vibration frequiency.

T I R
‘-.-..'-u-—_______ - .
‘-——-—-hl-" . .
- { - ’ .

Z(xy) sinwt — 7

. Flgure 3.2
Top V1ew of Vlbratmg Plate, Showmg Dlsplacement 1n z Ams
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0, 6y - 8 () exp LR e

B the system is conﬁgured to measure pure out of plane d1splacement and:_'_

':‘:'-'f:the Statlc Path length of the obJect beam is I the surface dlsplacement

-'wﬂl vary by + z(x,z! gm cot

S The surface amplltude wﬂl cause ‘a path length lncrease on hbth' the
T ﬂlmmnatmg path and the reflected path i.e. the path length will vary by .~

z(x,y) sin wt hence the peak ‘to peak dlsplacement change 'to the' "_, !

' "pathlength will. be 2z(x, ) sin t.. Thus the correspondmg phase change

7w111be,

___A¢(x,y,t) = (25). 2z(x,y)_ sin @b o (23)

| - Comblmng th1$ w1th equatlon (8) y1e1ds, _
U(x,y) =a, (X,y) exp [j¢ (x,y) + J‘_i%_Z_ (x,y) sin mt] (24)
If the ‘exposure period (T) is much greater than the period of the

- oscillation (1/m) then the consequentml time averaged hologram w111 be
described by: ' S

1 F a(x,jr) exp [jo(x,y) + j 4z (x,y) sin (Dt]dt!
T A | (25)

or _‘ | |
L U@&pl J” exp jdnz (x,y) sin ot.dt
o TJ, A o

or more usually as

J, 4nz (x,jr) where J(i is the Bessel Funct:lon
A of the zero order
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The total 1rrad1ance seen by the plate Wﬂl be proportmnal bo

I_(x,y) |Ul T

'"‘a(XY)JL%Z‘ (XY)] S (2_.6)

; The dlﬁ'erence between the mema and mamma of J 2(XJ agﬁlHSt cosz(x)
' :_-can be seen 1n F:gure 33 - " R |

Legend
M Cosine
00 Bessel |

o~

: F1gure 3. 3 .
~ Plot of an(x) and cos¥(x) Showmg Frmge Senmtmty and Intensn;y
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Thus areas of zero movement will be the brightest (the zero order-fringe)
with subsequent fringe intensity varying in both displacement amplitude
sensitivity and brightness. This can be seen in the results of the metal
plate where time averaged holographic interferometry was used in the
first six modes as shown in Plate 3. A useful representation of fringe
pattern function can be gained by comparing Plates 1 and 2 with Plate 3.

Details of experimental procedure are given in Section 3.4.

.

NSO

Plate 3
Time Averaged Holographic Analysis of Initial
Modes of a Clamped Metal Plate
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Using the same conditions as with the time averaged study (24);
Udx,y) = ax,y) exp [ j¢ (x,y) + ] .ﬂ% (x,y) sin wt]
this can be rationalised to;
U x,y) = a(x,y) exp {j [¢ + 4rz sin wt] } (27)
A
Ostrovsky et al [11] have undertaken an analysis of this. The intensity of

the reconstructed image is proportional to the square of the magnitude of

the mean value during exposure time T, therefore;

2

I=| ae JT exp (jdnz sin wt)dt
i Iy . A (28)
again using the Bessel function series
TN=co
I= ‘ a X J, (drz) e"“"‘dtﬁ2
T Il=-~co ?(, ° (29)

From Figure 3.4, the exposure is shuttered and synchronized with one of
the peaks of displacement. The pulse length (k) is a proportion of the

oscillating period 1,

Thus with T = 2x =1
E 0k
R
oo 4 2k
I=2a%) kX Jn(4nz) o dt | ® (30)
T n=- A T-%T_ T
4 2k
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Theintegrandbecomes;

1 sin (nn/k) exp an) dt
k nvk

Giving (30) as;

I=2a? E J, (47z) gm!nn&) o= |3 (31)

n=-o A

but J, = (-1)*J, and exp (Jnx) = j and
2

J.exp (nn) = J_, exp (-Jnr)

2 2
Therefore
I=2?|J, 4nz) +2 TJ, 4nz sin(n/k) }
A n=1 A nnk

(32)

If the exposure is synchronized with the other extreme of displacement
then;

3T+
o 4 2k
=g |k = J,,(_ Y[ ™5 gy |2
2 IN=-c0o J
33 T
4 2 (33)

Giving;
J, 4nz) + 2 £ J, (4nz) sin(awk (57 |*
A n=1 A ni/k
(34)
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The hologram will usually be exposed to both extremes of displacement
and is described by the superposition of equations (32) and (34).

This can be summarised as;

I= J, (4nz) + 2 zJ (412) sl_nmga_q [P+ |2
A n—l A |

(35)

when n is odd, the summation is zero and for even integers the square
brackets yield 2j°, thus:

I= JL‘J@)+2EJ (4rz) sin(2n/k)(-1)* |® -
n=1 A 2n1k

(36)

If k is put equal to 2 then continuous time averaged analysis takes place

and sin nnt = 0 thus reverting to (26),
I =a®(xy) J} [4nz (x,y)]
A

with k put equal to - and assuming sin(2nm/k) =
2nvk

then

I=a%| J,Unz) + 2 £dJ, @nz) cos2nr |*
A n=1 A 2

(37)

Bessel functions with even subscripts become in this case,

cos” (4nz)
A
thus I = a? (x,y) cos® [4nz (x,y)] (38)
A
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i.e. reverting to simple double exposure or frozen fringe patterns. - Hence
the shutter period will have direct bearing on the fringe quality and
sensitivity of the fringe pattern. A short period will enable higher fringe
numbers to be recorded and escape the limitations of the J,? fringe
function shown in Figure 3.3. Double pulse fringe patterns with an

exposure period of 20 nsec are considered cos® fringe patterns.

Amplitude
4

Surface
Displacement

Shutter
Operation

Time

Figure 3.4
Synchronized Shutter Operation for Holographic Vibration Analysis
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3.3

Fringe Pattern Definition

Examining the surface displacement in greater detail as shown in Figure

3.5, reveals the overall sensitivity of the holographic process. The actual

surface displacement generates :-

Y

x <8\
A,.

w
//'
Object 91 / :
I{lumination O,
/
/ |
/ S)
/
e
Angutar/ l
bisector I
: o
R
Displacement
Vector
Figure 3.5

Dispbced Position

Originel_Position

Viewing Direction

Optical Path Difference Produced by a Displaced
Surface Revealing the Sensitivity Vector

49



The path difference = XY +YZ
=d cos 6, + d cos 6,
= d(cos 0, + cos 6,)

= d(2 cos 6, + 6, cos 6, - 6,)
2 2

let 6, + 6, =6 and ¢ = 6, - 6,
2 2
then path difference = 2d cos 6 cos ¢ (39)
The path difference will be the number of fringes counted multiplied by
the wavelength of the laser therefore;

NA = 2d cos O.cosd

d = N
2 cos 6.cos (40)

and is defined along the angular bisector more usually known as the

sensitivity vector. Thus if illumination and viewing are along the same
axis, 0 = ¢ =0

then d = NA the condition for maximum sensitivity
2

Figure 3.6 shows the hologram observed from two horizontally displaced
points.
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Object
[llumination

2 gt
T +— HOLOGRAM
' \
Sensitivity / \4 A/
Vector Ol 02
Figure 3.6

Two Point Observation of Holographic Fringe Patterns

Here d, represents the surface displacement normal to the holographic
plate axis - out-of-plane displacement and d, represents the horizontal
surface displacement parallel to the holographic plate axis - in-plane
displacement. The total displacement, assuming no vertical movement,
will be d. The angle between the two observation points 0, and 0, is 2c.
The path length difference for d, to these observation points will be equal
(by symmetry). Let n represent the number of fringes observed, therefore,
n, and n, correspond to fringe numbers at points 0, and 0,, then;

d; = (n, - ny) A
2 sina (41)
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To extract the in-plane displacement d; some amount of fringe counting
and computation is required. For the generalised case involving three
dimensional displacement, three views are necessary. Unfortunately most
real world objects tend to be much larger than the 5 x 4" holographic
plates used, therefore to minimise the errors associated with small
changes in observation angles the arrangement in Figure 3.7 can be used.

L/

5 o
r/_Y Z
45°

X

Vi

J. ;—Y

Figure 3.7

Generalised Holographic Analysis

It can be shown that the system can be set up to extract pure out-of-
plane displacement but for each of the in-plane vectors computation will
be required. Consequently two or more views of any surface position are
needed to establish the in-plane movement. For most investigations this
is considered cumbersome and error prone since there will be optical
aberrations introduced by the viewing system. This is a limitation of
holographic interferometry.

52



3.4 Experimental Verification

For the purposes of confirming the theoretical models presented, a study
was undertaken using the clamped metal membrane shown in Figure 3.8.
The experimental layout is given in Figure 3.9. Agfa 10E75 5 x 4" glass
plates were used for the holographic recording. Object to reference beam
intensity ratios of 1:8 were used throughout, with a total of 4 pWatts/cm®
of Helium Neon (A = 633nm) linearly polarized radiation from a 15 mWatt
NEC laser. The plate processing was as detailed below;

Development: Ilford SP678C, 2 minutes, 18 C. o e
Wash: 2 minutes. .
Fix: Iliford Hypam Non-hardening fixer, 2 minutes.
Wash: 2 minutes.

Bleach: Ferric Nitrate Bleach until clear.

Wash: 2 minutes.

Dry: Methanol soak, air assist dry.

An exposure time of 1 second was used for all exposures. Vertical
polarization of both beams was used prior to the variable polarising
beamsplitter, the final polarization being determined by the reference
beam. Matching this reference polarisation vector to the object beam was
achieved by a rotary half wave plate within the beamsplitter chassis.
Photographs were taken using Kodak technical Tech Pan 2495 film rated
at 125 ASA developed in D19 for maximum contrast.
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Differential
micrometer

Modification to rear
for central point
loading.

=3
=i 1/2 Steel
o i /°f-/°/, 9 ball
,-//0/'/9 - Ee
P ./ey/_,e 2 /-i: Eﬂ&/
/é/ - .y/a,@ e 2
/ 0 /_-@_,e 7 6x6 Stainless
- & =3 steel rolled plate
s e e & o
(
Figure 3.8

Exploded Diagram of the Experimental Test Object
Used for Verification of Theoretical Model
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3.4.1 Holographic Study of Mass Modification to a
impl r 1 Di

In attempting to promote the attributes of holographic interferometry
within the automobile industry, a common comparison was made with the
accelerometer based modal analysis. An experiment was devised to
demonstrate the advantages of a holographic study compared with more
traditional techniques. Whilst holography does not presently have the
ability to wundertake software analysis of the data, nor perform
mathematical predictions such as mass modification, it offers high data
density. Furthermore, being non-evasive, it does not affect the response of
the structure. This is demonstrated in Plate 4, where a mass of 78.-grams
is added to the disc before the second hologram is recorded.

A 30.5cm (12") brass disc of uniform thickness, 1.5875 mm (1/16"), was
vibrated with a piezo electric crystal attached to the central point
mounting of the disc. Mode 2 was chosen for comparison and the disc

excited at 280 Hz. Exposure and processing details were as follows;

Exposure: 10 seconds, Agfa 10E75 emulsion.
Development: Neofin Blue, 2 minutes, 20 C.

Wash: 2 minutes.

Fix: : Amfix, 2 minutes.

Wash: 2 minutes.

Bleach: Ferric Nitrate, clearing time + 1 minute.

Wash/Dry: Methanol soak, air assist dry.

A second hologram was made after the mass had been adhered with 1IS12,
a cyanoacrylate adhesive used for strain gauges and accelerometers. The
location of the mass was chosen after consideration of the disc mode
shape. The resonant peak was shifted down to 266 Hz with consequential
mode shape disturbance. This pair of results was taken from a study of
the initial five modes of vibration demonstrating the mass damping and

frequency disturbance associated with alternative techniques.
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Metal Disc Vibrating Metal Disc with 78g mass
at 280 Hz. Vibrating at 266Hz.

Plate 4.
Demonstration of Mass Damping of Vibrating Discs
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Three months prior to the launch of a new model, the Triumph Acclaim, a
request was made for holographic analysis of the engine sump baffle
plate, see Figure 3.10. The request suggested that the baffle plate was
required for performance reasons, to try to minimise oil migration from
the oil pump feed pipe during cornering and reduce oil churning by the
crankshaft. A problem existed whereby the engine, either on the test bed,
or within a vehicle could fatigue the baffle plate on its three spot welded
mounting points which led to a catastrophic collision between it and the
rotating crankshaft. The original, known as Type 1 could fail within the
first 6000 miles of operation. Two further modified sumps, Types 2 and 3
had been delivered by Honda, the joint model manufacturers, and
assessment was required of their suitability. The Noise, Vibration and
Harshness (N.V.H.) department had identified 150Hz and 180Hz as
potential problem frequencies, which suggested an input derived from
engine crankshaft secondary out of balance components at around 4600
rpm. A second source of 120 Hz was also thought to be a possible
resonance which suggested engine secondaries of around 3600 rpm. An
initial holographic study of the Type 1 sump showed the baffle plate to be
driven at 120 and 220 Hz.

The Type 1 baffle plate was a simple flat plate with three attachment
areas for spot welding onto the sump wall. Type 2 was modified to
include a stiffening lip along the free edge and Type 3 further included a
ridge along the plate parallel with the crankshaft. Results from initial
studies are summarised in Table B.

The stiffness of the baffle plate increased with each type and a vibration
reduction between Types 1 and 2 was expected, however, no significant
reduction between Type 2 and 3 was noticed. This was somewhat
worrying as the second ridge should have restrained the mode more than
actually occurred. Consequently, a further sump was modified by
removing the baffle and a comparison made between the response of the
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restrained and unrestrained sidewalls of the sump fitted to an -engine
block. Plate 5 shows the sump with the baffle plate removed and Plate 6
shows a Type 3 baffle plate. It was presumed that the sump had a failure
mode associated with side wall fatigue of the drain plug, the baffle plate
being a means to reduce the side wall panting. These results enabled a
modification to be produced by the engineering works at'Longbridge. The
modified design called for a second bridging U strap to be mounted at the
top of the sump and across the peak displacement of the baffle plate, this
was known as a Type 4. Engineers sent from Honda acknowledged our
prognosis of the problem and concurred with our findings. The results
from Type 3 had been correctly interpreted as providing no real solution.
It was satisfying to note that our conclusions were correct and came prior
to their engine test bed results, which confirmed our predicted failure
location and duty cycle (less than 7000 miles). The ideas put forward for
Type 4 bracing were then incorporated into a Type 5 baffle plate which
had a series of a, b and ¢, these being variations of mounting at different
points on the sump wall. The final and successful solution, Type 6, was a
totally re-designed baffle plate which incorporated the stiffening rib
concept mounted toward the bottom of the sump. A comparison of designs
driven with the same forcing energy is given in Plates 7.1-.5. Following
this holographic survey and analysis, pre-production Type 6 baffle plates
were tested in service on vehicles using German Autobahns and engines

running on test beds.

Following successful trials, Type 6 baffle plates went into full production
and all pre-launch Triumph Acclaims, (three months stockpile) were retro-
fitted with Type 6 prior to sale. This provided the automobile industry
with a test case showing the design relevance of Holographic
Interferometry in producing data not generated by the strain gauged
vehicles tested by the production company. The overall assessment and re-
design from Type 1 to Type 6, took five weeks prior to highspeed testing
of the Type 6 on the Autobahns. On receipt of a new design, four hours
were needed to undertake a complete resonance study. This acquisition
time was considerably shorter than the traditional N.V.H. test methods. It

59



did however, reveal the difficulty in providing quantifiable- data.
Fortunately in this study, the qualitative nature of the problem allowed
successful re-designs of the component to be produced.

A/\T;ﬁ

Figure 3.10
General View of Engine Sump and Internal Baffle Plate
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Engine Block and Sump (without baffle) at 240Hz

Plate 6
Engine Block and Sump with Type 3 Baffle at 250Hz

62



Plate 7.1
Type 1 Sump Baffle Plate at 220Hz

Plate 7.2
Type 2 Sump Baffle Plate at 250Hz
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Plate 7.3
Sump Baffle Plate 240Hz
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Plate 7.4
Type 5a Sump Baffle Plate at 255Hz

Plate 7.5
Type 6 Sump Baffle Plate at 256Hz
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3.4.3 Engine Mode Shape Determination Using
1 hic Interferom

An initial investigation attempted to determine whether;

1. It was possible to excite a four cylinder engine block
for study using Holographic Interferometry.
2. It was possible to do the same for an engine if route 1 was
successful.
3. Similar resonances could be seen with the engine running in a
dynamometer test cell. .
Studies undertaken had revealed double pulsed Holographic
Interferometry to be used for in-situ analysis of engine/bodyshell
interaction. Little published data existed on the time-averaged holographic
analysis of large structures. Problems encountered arose from the
mounting of such a large structure, with large resonant displacements,
upon an interferometric optics table. Initially, four point suspension, using
elastic ropes was attempted to provide a free-free response. Unfortunately,
elastomeric creep and considerable settling times rendered this approach

unworkable.

A subsequent approach relied on utilising the engine mounting points
with suitably softened elastomeric isolating suspensions units - typically
modified engine mounting rubbers used on the motor vehicle. Excitation of
the block was via a Ling Dynamics 10lb force electromagnetic vibrator
and a 100 watt variable frequency power amplifier. The mode shape
survey was used to compare production aluminium V8 3-5 litre engine
blocks to determine if any variation in the initial resonant modes took
place. Other than responses which varied by + 3Hz in the range DC-
350Hz no identifiable production variability existed. A consequence of this
work was a further survey investigating the response of the block to a
reduction in wall thickness. This work, in conjunction with other studies
led to a lighter weight block going into full production.
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3.4.3.1 Knock Sensor Location

Austin Rover engineers in conjunction with Lucas had attempted to
control an E-series, four cylinder, motor car engine with a programmed
ignition system which relied upon a knock sensor to detect the onset of
engine pre-detonation. Two competitors, Saab and Renault, had
successfully implemented engine management systems requiring knock
detection. Two cars were provided for study, a Saab 900 Turbo and a
Renault 18 Turbo, for assessment of their knock detection systems. The
initial study revealed the Saab to have the accelerometer located in the
centre of the engine block, whilst the Renault accelerometer was located
upon a boss extended from the cylinder head. Both cars relied upon
digital electronics to pre-filter the general response of the accelerometer
and provide information in the 6-8 kHz region. Engineers at Lucas and
the Engine Design Department at Longbridge had requested studies to be
made of the cylinder head, intake and exhaust manifolds. A similar route
was proposed for the filtration electronics and memory configuration. After
suitable discussions with the Advanced Components Group, two new

options were considered for pre-filtering of accelerometer input;

a) Resonant tuned accelerometer.

b) Resonant mounting pin for accelerometer.

Option a) was dismissed on cost grounds after discussions with Mullard
and Hitachi, the accelerometer manufacturers. Option b) was dismissed as
falling beyond the manufacturing capacity of Longbridge engine plant.

A further novel approach suggested was a holographic inspection of the
engine block for resonant sites at the knock frequency. Mounting of a
broad band, cheap accelerometer at this location would provide a response
mechanically tuned to the knock operating frequency and could be tested
for suitability on an interfaced engine test bed. The suggested use of the
engine block was to ensure maximum sensitivity being close to the

excitation and minimise transmission losses through a cast iron
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component compared with gasket interfaces and the higher damped
aluminium cylinder head. Mounting space was also considered to be more
readily available on the block side compared to the highly convoluted side
of the cylinder head. The recent holographic noise survey of cylinder
blocks had provided confidence and the necessary experimental mounting

arrangements.

One proposed advantage of the mechanical resonant filter approach was a
reduction in electronics and ability for low cost broad band piezo electric
accelerometers to be used. Simplified thresholding circuits could provide
suitable information which, combined with an engine flywheel positional
encoder, could predetermine the ignition, fuel and turboc:—harger
requirements of each engine cylinder for every ignition cycle.

Initial trials were undertaken to provide a single candidate sensor
location to which an accelerometer could be adhered. Lucas had
determined engine knock frequencies to be at a maximum at 6.4kHz at
2000 rpm, with an effective range of 6.15-6.60kHz. Holograms were
successfully produced within that range, although holograms attempted
between 12-13kHz to identify any harmonics produced no meaningful
results. Excitation of the block was via a modified cylinder head bolt onto
which the electrodynamic transducer was attached. To determine the
resonant frequencies, an accelerometer was attached to a centrally located
boss and the output monitored to provide initial frequencies. Discussions
with Bruel and Kjaer staff suggested a design for a touch probe mounting
for an accelerometer to enable a portable contact probe to be constructed.
To identify common location sites, it was necessary to sequentially excite
the engine from each of the cylinder head bolts. Other parameters studied
included: effects of water cooling jacket - 100Hz reduction with two fringe
damping, engine wear and production variability of cylinder blocks, both
of which produced little change. Example holograms are shown in Plates 8
and 9, where different input locations excite the engine at 6345Hz with
10Ib force input energy.
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The accelerometer can be seen in Plate 8, the sump cover can also be
seen vibrating on Plate 9 although the block modes are reduced.

Plate 8. E-Series Engine vibrating at 6345Hz with

the input in-line with the accelerometer

Plate 9. E-Series engine vibrating at 6345Hz with the
input in the far left hand side of the engine block
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The E-series engine was originally designed as a transverse engine with
integral gearbox, for this study a separate fabricated sump was used with
a longitudinal configuration using a Sherpa gearbox. This enabled the
Lucas dynamometer to be used in conjunction with the interfaced control

electronics.

3.4.3.2 ion ntation of k Sen

Following the successful trials of the E-series engine with the sensor
location investigated by holographic interferometry, further studies were
undertaken. A new passenger vehicle series was planned using the new
engine management control system. The engine to be used was based
around the O-series engine and therefore similar studies were undertaken
initially using a standard O-series production engine. An example is
shown in Plate 10. The modified cylinder block was later made available,
known as the R-series and S-series, a result from this is shown in Plate
11, seen resonating at 6970 kHz. The lower pair of fringes demonstrate
the location of the sensor currently used on Maestro and Montego

production vehicles.
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Plate 10.
O-Series engine vibrating at 7445Hz with 10lbf input
in-line with the dip stick

Plate 11.
R-Series engine vibrating at 6970Hz with 10lbf input
in the middle of the engine block
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"_-”T}us chapter has exam:ned the theoret:cal background of the vanous
__techmques concerning Holographlc Interferometry - These have been

i verified | with - simple  experiments and cons1derat1on of the optlcal S

'i'_"arrangements for different dlsplacements sensmwtles Engmeenng stud1es

ft __,_'_were undertaken to determ.me general smtablhty of the techmque and
- ':f:_successful novel engme component deengns resu]ted T

'__:_-_;'_?.:'Expenments undertaken have enabled three engmeerxng demgn stud-les_'- : .

e _--to be successfully completed W1th Holographlc Interferometry prov1d1ng2_"§'."l_':-';

o conﬁdence in the technology . |
. Reﬁnement of the process enabled set-up of expenmental equlpment
- within four hours, although the component mountmg required carefulr
design and manufacture to av01d cross couphng into the optlcs '
leﬁcufty was exh1b1ted 1n obtalmng 1n-p1ane data, results shown were

" for out- of-plane studles only : - e

. 'Arrangement of equlpment and lumted laser power reqmred upto 30

" minute exposure periods for holograms. ' _

. Difficulty was encountered in estabhshmg resonance cond1tlons of

'components without au}nhary sensors. ' ' '

The techmque was not considered suitable for dayhght operatlon

Results required photographic or subsequent recording with a television
camera to obtain suitable data_for display. :

The process was prone to. problems with photochemistry and
holographic plate inhomogeneity and non-repeatability.

- The ‘technique was not considered - sultable for automatmn and
operation by semi-skilled techmmans - | |
The quallty of 1nterferograms was senously affected by movements >A/8

: dunng exposure periods. Control of industrial lahoratories for penods
_greater than one second was difficult. N
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-_'_:Alternatlve mterferometnc processes were studled to ease the data_?fr
'D'acqmsmon process and d1spense with the need for aumhary sensors L

. Experunental venﬁcahon of theoretical models is now possable mth o
o short lead tlmes and smtable data denszty | | |
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S CHAPTER4
DOUBLE PULSED HOLOGRAPHIC INTERFEROMETRY

40 ,Intm‘d_ ugjgign _j- '

e . "‘The laboratory constramts of Holograph.w Interf‘erometry can be over come '7

in' two ways; i) by usmg a common path 1nterferometer (1 e, locate a"-:-

reference beam return ‘mirror close to the obJect such’ that any. general""-"

envn'onmental perturbatlons aﬁ'ect both arms of the mterferometer), or ii)

' by usmg a pulsed laser to dehver the reqmsxte exposure energy in a.:{.__.

o suﬂimently short penod of time. to obviate the need for v1brat10n isolation.

" The former techmque whilst attractwe, especlally When only a contlnuous_--{
wave laser is avallable, generates experimental dlfﬁcultles Whlch though |

not insolvable require a high skill level of operation. The latter techmque |
: prowdes the basis for a self-contained instrument Whlch was the objective
‘of this research. The need to move away. from the laboratory

: enwronment is twofold: firstly to perform measurements on the subjects

' Workmg in-situ (a reqmrement any  engineer will. cons1der essenual),
" secondly, to produce initial test data from which an ovemew can be

' "'acquu'ed prior to detailed spec1ﬁc component testing. The need for this

“overview - is essentlal when trymg to u.ndertake any expenmental study
where the component response to the rest of the system defines the
design of the test rig to simulate the system response, The need for this
isolation in a test rig is simply govérned by the reduction of variables.

* Obviously in certain circumstances in-situ analysls is sufficient, however
in the range of problems Iencountered to date, other than qualitative
studies, all have been concerned with component redesign, The ability to
“work in isolation from the complete system will u'sually' be the initial
approach. Access to suitable pulsed laser equipment which could alse be
used for the laboratory testing would minimise\‘_jni_tial capital outlay. The
heart of this research is the generation of such equipment. This chapter
W111 initially concentrate on the design of pulsed holographic arrangements A
and then explam the use of pulsed laser equipment in the tests
' undertaken '
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A more detalled desonptmn of pulsed laser operatlon and demgn can be:"'.":'*"

o found in Appendlx 1

L The successful recordmg of a hologram usmg a contmuous wave laser.

" . relies on all - components remaxmng relatwely motmnless dunng the__f_
exposure penod  The mammum dlsplacement tolerated dunng a
- """ holographic" recordmg is apprommately ?\/10 The ava1lable laser power,”

B _,fcomponent stablhty and obJect velomty are the factors wluch detenmne_ )

L

The alternatlve to the contmuous wave laser is- the pulsed laser which

_ develops intense laser activity in short time intervals. The medium

-typically used within the laser is a synthetm single crystal of Aluminium

Oxide (A1203) with 0.06% (by we1ght) of Chromium ‘Oxide (Cr203) more -

_usually knoWn as Ruby. This type of laser is optlcally pumped (excited) )

by close coupled Xe_non flashlamps.. The broad band flashlamp dJSCharge
" excites the chromium ions within the crystal and upon relaxation the ion

: emits a photon which can be cascaded into a pulse of laser energy. A
more complete descnptmn of pulsed - lasers, their operation and .

. modifications undertaken to improve perfcrmance are detailed in
Appendix 1. Typ1cal pulse penods of a ruby laser are 1-3msec -though a
technique of energy storage, Q switching utilised within the cavity can
reduce this to 10-20nsec (where 1 nsec = 1 x 10%ec). From the

holography viewpoint this means displacement levels of A/10 need only be

held for a period of 20 nsec. Practically for an out-of-plane arrangement:

Tolerable velocity = _ﬂ_?\_&_ -~ ms?
| 0x 10° -

where l for Ruby lasers is 6943 A or 0. 694 x 10% m, hence
. Maximum veloc1ty of component = 34 7 ms :
durmg the exposure
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- The ﬁrst problem in the mterpretatwn of double pulse fnnge pattems 13‘ )

~the determmatmn of the zero order fnnge (fringes. of no d1splacement)

‘The fringe pattern produced in a double exposure hologram has & co-
Smusmdal fringe function wh1ch means ‘a umform dmplacement sensﬂ;mty'_:'f'E .
S and intensity dlstnbutlon and so do not exhibit a hnght zero order fringe.
o This 'is unhke the txme—averaged mterferograms wluch do have bnght'_‘_:...: B

| - :fnnges and the frmges have a zero order Bessel functlon mtensmy:-._:_'__ .

Li"_]::_Usmg th13 techmque the ﬁxed Q of the ruby laser produces two long'-,,_-f o
duratlon pulses In thls way pulsed holograms can be obtained with a
-quasrBessel function descnbmg the fringe pattern sens:hwty This

techmque is used in initial mode identification, and a subsequent Q

;-smtched double ‘pulse hologram records the object motion for detailed

analys1s The mterrogatwn of the fringes to produce a dlsplacement map |

g s:mply a case of modlfymg the sensitivity vector by the number of half . -
} wavelength frmges When using “cosine fringes no modzﬁcatlon of the '

- fringe field takes place because the zero order Bessel sensitivity function
' no longer apphes | o

4.3 Dgls ign Q. f Exp. grimenﬁgllArr'.gngen‘lgntg

Two types of analyses were undertaken; firstly, where the component or
device exhibited a single frequency vibration problem, and secondly where
the excitation was present and combined with a low ﬁ'equency, high
e.mplitude _gerleral displacement. The former produced few experimental

_'problems other "th_an the triggering of the laser and the inevitable on-site
'complical;ione.f_l The latter presented an interesting dichotomy; double

pulsed holography is exemplified as a technique for in-situ analysis of real.
world objects, however the data to be extracted is combined with rigid .

~body data which “serves only to mask ‘and confuse the required -
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" expenmental data Abramson [13] developed the techmque of sandwrchii'-_:"-g__,,':_ ;

o . holography, two - holographm plates, sandwmhed together are ‘rotated

" between the two exposures to record two separate holograms on each of

the -plates. By rotatmg one holographlc plate relatlve to the other, the .

. two temporally separated smgle pulse holograms can be combmed Whllst o
. elegant in concept it becomes hldeously comphcated with’ large structures o
- which’ Tequire’ conerderable a pnen knowledge of the output reqmred an

o 'um'easonable demand when attemptmg "fire fightmg' type solutlons m .

- mdustnal en\nronments The techmque developed here was to use

S commen path mterferometry to remove the rigid. body motlon by attachmg :

‘a mirror onto a non- contnbutmg portlon of the component from wluch the ° _‘

L __:;ireference beam could be reflected toward the hologram. . In this way the

. rigid bOdy motzon would Slm‘ﬂtane"“f*ly dlsI)lace both wavefronts ‘and not t

contribute to the resultant interferogram. Mottier [14] ongmally proposed =

the 1dea_whﬂst Waters [15] utilised a speckle reference beam derived from
the object. For rotatmg ob;ects Stetson [16] utilised a rotating prism
_W1th1n a hollow rotor electric motor to effectlvely de-rotate a rotatmg

turbine fan and record double pulse wbratlon ‘patterns. The 1mt1al
| ,expenmental arrangement chosen for vlbratwn studies is shown in Figure -

4.1,

In this ﬁgure, a s1mphﬁed laser is presented The need for pre-amphﬁer'
extraction of the reference beam was proposed by Ansley and Siebert 171
in 1969 and Siebert [18] in 1971. They considered that the amplifier in
the ruby laser introduced a frequency change hence reducing coherence.
Cookson et al [19] demonstrated that with the original JK design of ruby
laser this was not valid. One advantage of extracting the reference beam
prior to the amplifier is the removal of sufficient energy whilst still
enabhng spatial ﬁltenng to be used. One problem with pulse durations of
15 nsec and energy levels of >5 mJ is the ionisation of air when the
energy is focussed down with a.bi-convex lens arrangement. Using a 25p
diamond pmhole provided by British Diamond Wire Drawers, spatial |
ﬁltermg ‘of the reference beam  could - be achleved W1thout need for a-

vacuum chamber : ' i
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= A novel way of producmg the reference beam mthout mod1ﬁcatlon to the T

laser axis is shown in Flgure 42, The hand1cap of this approach was the .

 reduction in “oscillator output (4-5%) with the concomitant noise potentlal_ |
_mvolvmg four addxtlonal opt1cal surfaces Other than for. the 1n1t1a1 o

o o double pulsed ESPI experzments usmg thm laser, the arrangement was ‘e

L ':'_dmcarded Preference was gwen to a smgle wedge beam sphtter placed -

e after the amphfiers

At thlS pomt 1t Was demded to combme the equlpment and produce a__-_-r__-:-_:

S portable ho]og‘raphlc system W1th the cons1derable volume occupled by

ll__the laser (even with an 1mproved mternal component dens1ty), the ‘obvious - .

: location was: e1ther above or below the main optical arrangements. W1th

mamtenance m mmd mountmg the laser on the top- proved to be a
successful locatlon By rigidly couphng ‘the laser on top of a purpose bmlt -
4 x 2° optical table, a compact arrangement was devised capable of
: ,movmg up to and around the component as shown in Flgure 4, 3 L

- . By usmg Tec-Optlcs dlelectnc Inirrors (20 mm d1ameter) spemﬁed Wlth an .

* incidence angle of 45° 100% reﬂectlon of. the 694nm radlatlon could be |
ach1eved with no damage to the coatings. The energy demnty onto these
mirrors did not - exceed 1 5 Jem®, By transferring the laser output onto

the optical table with a 2 x 45° mirror ‘periscope arrangement, )

_polanzatlon was preserved in the vertical axis. The optical stands and
component holders were specifically demgned for this arrangement and
provided: good packing density, great flexibility, high rigidity and
internal damping. The magnetic bases provided secure location with a
degree of adjustment. |
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In mrcumetances where ngld body motlon is not coneudered a problem,

B 'altematlve arrangement was devised which kept all opt1cs upon the table.

" Thus the equipment could be posmoned ad;aoent to the component and'

~ the test undertaken Wlth little dlsturbance or settmg up required. To
e compensate for the pathlength dlfference between the ob;ect and reference o _:
R beams, a folded ad_;ustable reference beam arrangement shown in Flgure__:""--
44 proved suitable. |

omea o o A
Beam, = = . - )

| Eipgndin'g Lens

~~ Hologram T
s Reference Beam 4«
ji — * Pathlength ¢

st .
Compensation

Expanding |
. Lens

Wedge

Saie

Laser Oufput

. . , Figure 4.4 ' I
- Plan. V:ew of the Table Arrangement for S1mpler V1bratmn Stud1es . o
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-As dlBC!J.SSEd earher, Sectmn 2 3 1 the holographlc emulslon reqmres at":

" least double the recommended energy level W1th such short exposure' B

periods. Various techniques. ‘were tried to improve the sensrtlwty of the
- plates; mcludmg pre-exposure to a ﬂashlamp and ammoma soakmg, but

ne1ther technique proved to be stable or repeatable Babcock and James -

e [20] - dlSCU.SB gaseous hydrogen hypersensltlsatmn m—vacuo, Jenkms and

. Farnell [21] the * .use” of vanous chem:tcal approaches to mfra-red

': :-_'_emu]smns, Albrlght [22] prov1des a comprehenswe review on. the sub,]ecti.‘_"'.?_ ._

| - though all” authors concentrate on astrononncal photograpluc matenal o

o The conclusion of these expenments Was that the sensltrsatron techmques'_ o ,_

s "'are too vanable for mdustnal apphcatlon Dependmg upon the emulslon :
© “bateh,’ between 6-10- }1J em® was. the energy level dehvered onto the T
emulsmn Processmg was as detalled o L

' _Developnlent 2 mmutes, Neofin Blue, 20°C

- Wash: 2 minutes. =~ :
Fix: = 2 minutes, Ilford Hypam
Wash: 2 minutes. _
Bleach: 2 minutes, Fernc N1trate twice cleanng tlme

ObJect Reference beam rat1os -1 6 to 1:10,

Bi-concave lenses were used throughout for beam‘expansion, to avoid the

problem of focussing the héam and increasing the energy denmsity. This
~ approach prevented material damage to the optics, ionisation of the air B
and stray reflections back into the amplifier causing damage to the
oscillator. Unfortunately this did not enable spatial filtering of the beams
to be undertaken and consequently surfaces had to be kept clean to
prevent damage to the optics and reduce noise. Smgle Ienses were unable

“to provide sufficient optical power for beam expansion and were combined R

in doublet and triplet arrangements. Scatter plates and holograpinc.
scatter plates, after Gates [23] and Webster et al [24] were tried but still
required pre-expansion for the holographic units otherwise material

damage would occur. Scatter plates produce a uniform beam but with .

random polarization. " A solution mvolvmg minimal optics. 1s shown in



| Flgure 4 5 where the surface reﬂectw:lty of ball beanngs was used to

o -'_'expand the’ beam rap1dly and retain polanzatnon The focal leng'th wasi- '

half the radius of curvature The surface finish was adequate and smce'r' :

_only one opt1cal surface is- employed minimal energy losses occur.:  The "

. surface" reflectivity of a ‘hardened steel ball is < 100% of 694 nm and -
B | therefore 000381011&1 rotatlon of the ball was necessary to mmlmlse bluemg.
":"'°f the surface POIIShmg to remove the surface dlscolouratlon was tnedf—.f
. but: proved unsuccessful Umt cost Was Iess than £5 and can therefore':j_‘;.. %

- ""5:'_";'__'be consrdered a consumable A range of dlfferent smed balls was used to“_ -

S provrde a range of beam expansrons

Ob ject Beam

| E)q)anson Ball
| 'Wed Hologram T AR
% - Refererxe | -
Spll’ffe“ Beam | |
' Expansion ‘
- Output B

Figure 4.5 _
- Plan View of Simplified Arrangement for
~ Vibration Studies with a Local Reference Beam
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A hologram made of an’ object 'usi'ng" a double 'pulsed"laeer will give’ a .
_ frozen fringe pattem represenung the d1splacement undergone by the -

o 'obJect in -the time- 1nterva1 between the two’ pulses The separatmn

i between the pulses must therefore be chosen to comc1de w1th the peaks of o

| ':'V_robJect d15placement Whlch w1th most. v1brat10n problems is found to be -

| :'i-?f' half. the osclllatxon penod {1/2) If the component dlsplaoement is greater S

_ .:_;.-than, say, 30-40 fnnges, the delay between the fmnges can be. reduced :

iy ';Thls will have the effect of samphng less of the dlsplacement but with

- be extrapolated

- prior knowledge of the nature of the waveform, the total dlsplacement Can

| 'Depen'di_xig ﬁpon the v_ibration ‘problem . under - investigation, a typical
- triggering scheme is shown in Fig'ure_ 4.6. '

1st PULSE

" PULSE SEPERATION
FOR MAXIMUM

s .57 DISPLACEMENT
VIBRATING | KT, |
) oekEcT A

ON-OFF

FILTERED
OBJECT
MOTION

2nd PULSE

RIGGERNG - -
ACCELERGMETER O REMOTE : i SEPERATION T
S " MANUAL —. /s
' ' - FIRNG
. L 2 L 3 odt g
BLECTROMC .- . )
] SIGMATURE . : .
SIGNAL . - VARIABLE PULSE VARIABLE 1st. LASER VARIABLE 2nd LASER -
CONDITIONING ~ Hi-Q FILLER - GENERATOR DELAY . PULSE 2nd PULSE PULSE
o - o DELAY : .
F1gure 4, 6

Laser Tnggermg, Control and Flrmg System '_
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Th1s system 1s des1gned to examme penodlc dxsplacements but 1f

'_""'_trans1ents are. to be stud1ed alternat:ve sensors or d1rect feed from: the

- source must be conmdered The -narrow band pass ﬁlter samples the
required tumng signal from the accelerometer which is then modified to |

- prov1de the reqms1te pulse form to trlgger the laser To accommodate the S

- rise time of the laser a delay amphﬁer is used to compensate and enablef N

"'f'the ﬁrmg of the first pulse to coincide with- the first peak of dlsplacement L

A second delay ampllﬁer 1s set W1th ‘the necessary pulse separatlon to

_‘:.:‘: 'enable the ‘second pulse to be ﬁred and record the resultmg double-’"f”_‘

”'_".'_-'exposure mterferogram LpE

.- -

e For pu]se separatmns of between 5 us 1 ms, two pulses can he extracted e

a :,V'Ifrom a single fluorescence of the ruby rod bY double pulsing of the @

5 switch. The shortest interval between pulses is determined by the drive
electronics to the pockel cell, the longest by the length of the flashlamp ‘

- pulse.. A double pulsed hologram requires equal: energy in each pulse and
1o achleve this the delay between ﬁashlamp tngger the first smtch pulse,'

the supphed energy to. the flashlamps, and the voltage to each of the' Q

_ sw1tch pulses, must all be controlled These parameters allow for '_ i
selectlon of the pulses w1thm the ﬂuorescence envelope of the ruby rod |

* For pulse separations of 1ms-58 it is necessary to fire the ﬂashlamps -
twice. This is achieved commercially by use of a second capacitor bank
‘which is charged simultaneously with the first, each bank being used for
each pulse. Caution must be exercised when working in the region 1 ms-
5 ns when reduced energy is reQuired for the second pulse and the
flashlamps can remain in an mmsed condition. It is within thls working
region that the initial analysis of most large structures occurs. The
Department _of Mechanical - Engmeenng has two such double capacitor_
- bank ruby lasers and use of these has allowed both laboratory and on-site
investigations to take place_;- For .puls'e separation" greater than five
seconds, the rechargin_g time within the capacitor banks is sufficiently =~
short enough to enable a second pulse to be produced. | ' '



The result shown in Plate 12 is the response of the front spoiler and
grille of an Austin Maestro self excited with an engine speed of 2000 rpm.
Plate 13 shows the results of an Austin Metro engine excited at 1200Hz
using an electro-dynamic vibrator just visible at the top of the
photograph. Both plate results were obtained using the arrangement in
Figure 4.4.

Plate 12.
Austin Maestro Vibrating with Engine Speed of 2000 rpm
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Plate 13.
Austin Metro Engine Vibrated at 1200Hz

The arrangements previously discussed were derived from experiments
undertaken on automobiles with equipment being used to examine, in a
qualitative fashion, the sources of noise in the engine compartment of
passenger saloons. The testing of the arrangements in an arduous
industrial environment was accomplished at Moffat Gas Compressor
Station. The component under test, shown in Plate 14, was a four metre
diameter centrifugal pump driven from a free power turbine. The turbine
was supplied by hot gas generated by an industrial version of a Rolls
Royce RB2-11 gas turbine engine. The purpose of the compressor, as one
of a chain of compressors, was to pump high pressure gas along a 42 mile
section of the gas grid. The section ran from the North Sea Gas receiving
station across the border into England. The gas turbine was fuelled by
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the natural gas it was pumping and therefore represented a self-contained
pumping facility within the gas grid. With seasonal changes to the
domestic consumption of gas, the pumping conditions of the station
varied. During part of the seasonal variance, at a particular pumping
demand, a resonant condition could be excited within the compressor unit.

Previous studies with conventional modal analysis using accelerometer
matrices had identified the compressor and associated pipework to be
resonating at 168 Hz, the source of the high level of vibration energy was
unknown. The compressor back-plate was investigated using holographic
interferometry arranged to examine the out of plane displacement. The
input feed pipe and the outlet take-off pipe where also examined using
the optical arrangement shown in Figure 4.7.

The trigger arrangement used for the firing of the laser was as shown in
Figure 4.6. An accelerometer placed on the component surface was used to
synchronise the initial pulse firing to a specific timing point on the object
surface motion. After suitable bandpass filtering, a trigger signal was
obtained as shown in Figure 4.8.
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Plate 14.
Interior of the Compressor Station Showing

the 4m Diameter Backplate of the Compressor
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FERENCE
OBJECT %x i

BEAM
BEAM
BI- CONCAVE
/ EXPANDING
J7 — LENS
HoLOGRAM | BEAM SPLITTER
LASER )
Figure 4.7

General Optical Arrangement Used at the Moffat Compressor Station

ACCELEROMETER OUTPUT FROM SUCTION PIPE
Peak Acceleration = 10.35ms Displacement =9.2um

Peak to Peak Displacement of 18.4um

;Elm - :.

FILTERED 168Hz SIGNAL USED FOR
LASER TRIGGERING

Figure 4.8
Filtered Accelerometer Signature Used for Initial
Pulse Timing of the Laser
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4.4.1 Discussion of Results

Plate 15. The movement of the backplate of the compressor indicates a
simple ‘drum skin‘ panting mode although the source of this excitement is

not readily observed.

Plate 16. The sequence shown appears to indicate the presence of a
travelling wave set up between the two brackets which support the input
feed pipe prior to coupling with the compressor. The results were obtained
by changing the initial variable delay of the laser firing by upto * 1.5

msec.

The maximum displacement observed is 48 fringes which corresponds to a

displacement of;
(48/2) x 0.694 = 16.7 pm

This corresponds well with the measured displacement using

accelerometers of 18.4 nm with an error of approximately 10%.
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Fig. 2-5.

Plate 15.
Holographic Analysis of Backplate of Compressor
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Fig. 1-5 Fig. 1-6

Plate 16.
Holographic Analysis of Input Feed Pipe with
Varying Phase Delay to Laser Triggering
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i 44.2 Ermr_enmm

” .-.Wlth reference to Fxgure 4 9 and [6]

observation -

points
| H 2t . sensitvity .- N illuminafion - |
3" o vector 0 . source - ¢
- hologram | |
. Figure 4.9

, Qeneralised Viewihg Arrangement of Pulsed Holograms
- and Measurement Errors when Observations are made from 3 Points
' (From Vest [6])

‘The errors assomated with the three dJSplacement vectors for the 4 x 5" :
Agfa 10E75 holographlc plate are, N

. Lex8, L=sT, 'L:,=”-¢7u4_'
where?t 0.694pm, therefore, - B
N L===35}1mLs=+49me==+02um
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S 4,5‘- Mm f{' ERE

Th13 chapter has con31dered the use of pulsed holographlc mterferometry

in

an industrial environment. Successful studies using this technique led -
s :"__to better understandlng of englneenng problems and d1fﬁcult1es assomated‘_-'_:_____
- W1th the 1nterpretat1on of data generated by th1s techmque "_. SR e

. The mherent low opt1cal conversmn efﬁmency of the ruby laser
' mcurred problems Whmh rendered it d1fﬁcult to operate m anythmgj‘___
T other than a laboratory enwronment (See Appendlx 2). R R

. Low sales’ ‘volumes discourage the laser manufacturers from 1nvest1ng

- ,j _,fdeslgn effort to 1mprove the 0perat1onal aspects of the: eqmpment

Replay of the holograms for quantltatlve analysm can be d1fﬁcult W1th '

- large image volumes.. Argon ion pumped dye lasers can be used to

correct for the replay d1stortlons mtroduced with the change in replay .

B __ ' wavelength

The short exposure penods 1nev1tably led to h1gh energy densmes and N

Bl consequently no. focussed optical ﬁltermg techmques could be used to - -

L reduce optlcal n01se 1ntroduced by contammated optical surfaces.

. Holographm emulsions suffer from rec1proc1ty law failure (as most

photosensitive emulsions do) which further led to a reduotlon in
photometric sensitivity by a factor of two.

. The working environment usually reqmred darkness to mnum:se'

- fogging of the holographm emulsion,

Alternative recording media, eg. thermoplastic film, suffered from .
reduced photometric sensitivity' at 694 nm as well as limited recording
bandwidth, this in turn constrained the volume of the image recorded.

The equipment could be. used with careful optical design to r_ecord
holograms in the most arduous and demanding industrial

' environ’ments

In-situ examination of dynamic structural responses has proven to be 2

 very powerful analyt1cal techmque which has been demonstrated as

oﬁ'ermg solutions to problems prekusly beyond the capabﬂlty of R

s convent:onal modal analytlcal techmques o
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. z'r_Trxggenng of the laser from secondary transducers whlch synchromsed'_l o .;ﬁ.
 the Component mot1on with the ﬁrmg of the laser enabled temporal as’
well as gpatial, exammatmn of the structural response, '

. Continual optlmlsatlon of the laser parameters “did" not fac111tate ,

change of the pulse separatlon penod Thermal lensmg within the gain-_-

medium necesmtated careful’ operatlon to mamtam beam quahty and

Iif”repeatable intensities in each pulse L S
. "The size, of the laser head power supphes and assomated control' S

R __electromcs rmtlgated agamst easy 1nsta11at1on, thus mak1ng the system

transportable compared w1th the portable reqmrements of some:

. applications, -

The. pulse separatlon perlod (10ps - >1ms) proved to be 11m1t1ng W1th

 low frequency osclllatlons, <500 Hz Peak to peak dlSplacementS of =

© >20pm could be accommodated . by mlmnnsmg the sampled Wmdow of .-

.IIIOthIl, thus 1nterferograms couId be made of transient events.
Double pulsed holograph1c 1nterferometry is a technology which will

-~ not ﬁnd w1despread appeal desp1te the data quahty and quantity, due 3 :

to the problems assoclated with the laser equlpment and the spec1ahst o

) _knowledge needed m the de81gn of the 1nterferometer
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CHAPTER 5

ELECTRONIC SPECKLE PATTERN INTERFEROMETRY USING

CONT]NUOUS WAVE LASERS

50 ngom_m

b The successﬁﬂ use of Holographlo Interferometry in prowdmg complete"- '

: : ;_."engme dyna:mcs studles as d1scussed in prewous chapters, demonstrated
'_ the- potent1al of thm type of analyt[cal equlpment It also }ngIﬂJghtedf-;i"_'.V
R '.".._'problems which could not easxly be overcome to allow the equlpment to be

:_developed into simple to use instrumentation. . From the outset, this
. .research attempted to- 1dent1fy the potential of wholeﬁeld mterferometnc

. "_methods for expenmental analytlcal ‘studies of engineering components =
The use of telewsxon cameras within medified mterferometers - pioneered -

by Butters et al at Loughborough was identified as the approach most
hkely to produce 1nstrumentat10n for mdustnal exploltatmn The aim was
g produce a self-contained 1nstrument with 1n-S1tu workmg capablhty (as

|  : opposed to requiring pneumatlcally isolated optical tables) usmg pulsed |

obJectwes are dealt with in- ‘subsequent chapters. Previous attempts to

eomme_r_mahse eqmpment based wupon - Electronic Speckle Pattern -
~ Interferometry (ESPI) had failed due to; 1nsuﬁit:1ent development, the.
_relatively high cost of digital image processmg electronics, under- -

engmeered optlcal equipment, and limited apphcab111ty

97

:lasers and prov1d1ng automat1c unamb1guous fmnge analysis.. - These |



| Durmg the 1960’s after the development of the laser and holograpluc'

7:. lnterferometry. Work began on studles of a secondary phenomenon of _' ’-'-__.i._-;_';
' coherent 111um1nat10n, that’ of Laser Speckle Pioneered - at . the Natlonal};r"_“’.'
Phys1ca1 Laboratory at Teddmgton much actmty centred on elther the

e reduction’ of speckle, conmdered by most to be. a nmsance and a’ problem"';_f

"‘f:'_"'_'to holographers, or usmg 1t in conjunctlon W1th low resolutxon recordlng'_iﬁ:'_":

‘media_ to perform 1nterferometry The bas1c speckle pattern ‘image - -

S formatlon and backg‘round to speckle pattern correlatxon mterferometr.Y 13':- -

i | gwen in Appendlx 2

A speckle"' pattem is observed when an optically - rough - surface - is
illuminated w1th coherent radiation. The reflection from the surface will

be - made up, as a Wavefront by a large number of reﬂectmns from the - :

scattermg pomts of the rough surface Therefore at any vxewpomt the
surface will appear to- comprlse of a granular pattern made up from the-

e coherent mterference of all the 1nd1v1dual scattering pomts on the surface

--"When the sources for this 1nterference are not coaxial the1r mteractlon,
across a scene, will produce a pattern which will vary in bnghtness across
' 'th'e scene (and within the individual speckle). - It i is’ not_ the objective of -
~ this work to attempt to modify the present theoretical models concerning
speckle and its imaging. This is left to others, for example, Jones and
Wykes [25), Montgomery [26] and Mendoza [27]. The objective of this
work . is to harness these models, where necessary, to enable the
‘ engineering'of suitable instrumentation to proceed.

The speckle pattern can be combined with a uniform carrier wavefront to
- produce a phase referenced speckle pattern. The brightness dlstnbutlon_

" is affécted depending upon the relative bnghtness of the speckle and the

carrier (or reference) wavefronts The combination of these two
wavefronts will increase the overall sme of the mdzwdual speckles by
appro:nmately two, '
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'.~~I__When observmg speckle by eye, lt w111 combme the hght from a large

' number of scattermg centres thhm ‘the resolved area of wew' This can - -

~ be considered as. multiple beam mterferometry but because no reference - :

__position is available it contams little. mformatmn of value. Groh [28] used

- "--f"__‘__-_thxs random pattern as a’ prOJect1on mask for fat:gue analysls *'jA:?", -'

photographlc negatlve of tlus pattern was pos1t10ned over. the subJect and “

_as movement occurred the change in. the obJect surface Would shift the

- surface speckle and” enable hght to be transm1tted thas could then be-"‘r’.f

1_'mon1tored v1a smtable sensors S

""-j_:Hopkms & T1dbury [29] used a tlme averagmg techmque w1th a 35 mm

o camera. recordmg the modes of. wbratlon of veh1cle body panels ‘The

o '_f“panels were coherently 1llum1nated and wlulst resonatmg were. recorded o

with exposure periods much greater than the vibration penods. Areas of
‘no movement recorded speckle patterns, areas ‘of movements recorded
speckle smears with the smear _axis 'shov_vi_ng the surface velocity paths.' S

LArchboldl et al {301 reported in’ 1969 the first apphcahon of phase
Eé?érEiiced speckle patterns. A small aperture. within the imaging optics
- of the 1nstrument produced a speckle pattern from an object coherently
illuminated. A smooth reference beam, obtained from the same laser was
* added to the 'image and the resulting phase referenced speckle pattern
observed by eye. When the optical path lengths and polarization vectors
were matched, the intensity of speckles would be'changed when the object
surface was moved. The device has interferometric sensitivity and was
proposed for vlbration studies, In this case, when observing vibrating
- surfaces, the speckles would blur out (using the integration ability of the
eye) in areas of movement and remain -along the nodal lines. The
instrument was initially known as a Laser lmage Speckle Interferometer
. subsequently shortened to Speckle ,'Interferome"ter. See Figure 5.1.
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Polaroid ~  Splitter Aperture

R - Figure 5.1 S
- Outof plan'e_‘ Time Averaged Speckle Pattern Interferbméter_
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Leendertz [31] developed a photographlc Process mvolvmg speckle
. interferometry for surface d15placement analysm Photographs of the-_i' '

S accurately ahgned in contact with the other. exposure {or performed in-

e optlcal Founer ﬁltermg techmques to 1mprove the fnnge quahty produmng"l::-':"_"‘

phase referenced speckle patterns were made before and after surface ~

f_'_deformatlon A contact reversal of one of the nnages was then made and

interferometer 'provided Butters & Leendertz [33] with a novel solution to

problems posed by photographic recording. The combination of high

time, A further 1nnovat10n of Leendertz [34] was the comblnatlon of two
illumination beams which prov1ded correlatlon subtractlon of 1n-plane'?-
--._epeckle patterns '

To the author S knowledge ten companies in the US and Western Europe have
attempted, or are presently selling, ESPI or ESPI type instruments; these

include, Conspectum (Norway), Ealing Electro Optics (UK), EOS (German),
Eumig (Swiss), Loughborough Consultants (UK), Newport Corporation (USA),
Spectradata (German), United Technologies Research Centre (USA),

. Vibravision (Swedish) and Vinten (UK).

Of these, three companies account for most of the sales (60 at time of writing)
Conspectum, Ealing and Newport. Eumig and Vinten are no longer available,
EOS, Spectradata and UTRC are relative newcomers, Vibrovision has not
advertised or promoted widely and is based on the work of Ek and Molin.
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- real. tlme) provxdmg a subtractmn frmge pattern A more convement_f
e double exposure techmque was mmultaneously developed by ArcthoId et
:Tﬁ”ri al at N.P.L. and Butters and Leendertz at Loughborough though thls‘"__'.._'

w'-::____u‘.:‘,ed Speckle addltlon W1th reduced frlnge contrast Burch [32] used

subtractmn fnnge patterns of hlgher wsﬂnhty and deﬁmtmn e - |
The 'exteneion _to-include _the-'video- camera in conjunction wi_th a speckle
' photometnc sensxtlwty and electronic processing prowded a modified

_ interferometer, which whilst unable to match the fringe quality of the -
Founer filtered frmge patterns of Burch generated fnnge patterns in real




;_..The Spectradata system is dlﬁ‘erent from the rest W1th the mcorporatlon of - :

i‘_ an m-plane system, Eahng have an 1n-p]ane option avrulable Ealmg, EOS '

‘and Spectradata now have fringe pattern analys1s software Loughborough' |
. Consultants produce spe(nahst eqmpment speaﬁc to problem solvmg based :

,.'2.;_‘.]'__;__-_around the research at Loughborough UmverS1ty Loughborough Consultants © -
R -__]-.transferred technology from the Umvermty to Ealing, NeWport and then, o

e they also a351sted in the 11cens1ng Of Conspectum for ESPI technology

B Other research groups have bmlt m-house ESPI eqmpment Whlch because-" o

— 1t 1s not marketed does not reqmre hcensrng from BTG Industnal research S

' ;'groups who have attempted to build and utﬂlse ESPI systems include; Jurid e

- Werke (Germany) who have attempted to 1ncorporate pulsed lasers and:'-“"_' - i

| _”__derotators to study brake problems on brake dynamometers Rover Group to
examine vehicle vibration, Westland Helicopters and Royal Aircraft Estabhsh- |

__ment Farnborough to ‘examine delamination of composrte structures and

mllltary estabhshments, eg MOD and US Naval Weapons to examlne_' |
N structural dynamrcs ' | s

'The techmque of common path mterferometry can be apphed to most of the'_'

. 1nstruments to desenS1t1ze the eqmpment to local envrronmental perturba-'

.- tions.: Lokberg et al [76] obtained hlgh sensitivity results 1 nm) from human _
~ ear drums ° 1n vivo', a. stroboscoplc operatlon of an argon laser wrth an
| exposure penod of 1 ms was used. The mark space ratlo of the exposure.
period of a contmuous wave lager requlres hlgher average powers to be uged. -
A review by Ldkberg [771 expands on the application of stroboscoplc
illumination and demonstrates the ab111ty of strobed results to provrde hlgh

o frmge densrt1es (100 fnnges across a telev1s1on momtor) .

- The freedom from environmental constraints demonstrated by Cooks'on etal o

[51] using pulsed laser ESPI provrdes more efﬁment use of available energy
but the practical constramts of the laser limited its industrial apphcatron | B

o It is thls background Wthh dlrected the pulsed ESPI research
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.The general arrangement for both the opt1cal and electromc eqmpment 13 o

: --gwen in Flgure 5 2

. OBJECT BEAM —. .

S RIS’
REFERENCE BEAM COMBINATION
" opean  oeAM Y CUBE
" SPLITTER | ™
| CAMERA

IMAGE FILTRATION| -

DIGITAL
VIDED
FRAME
STORE

IMAGE _ .
SUBTRACTION

Flgure 52

VIOED

B 15
STORE

TV MONITOR

| Schematlc for the Optical and Electrical Conﬁguratmn for An
Out-of Plane Sensitive Electronic Speckle Pattern.Interferometer

102



7 'The baszo opt1ca1 arrangement can be conmdered as a° focussed image','-----i:a.'_'
S holographio system. . The reference wavefront is Imxed w1th the 1maged S

| ‘waveﬁ'ont using a beam splitter prior to the imaging sensor of the

- television camera. 'I‘he ob_]ect is 1llum1nated usua]ly with an expandmg'- =

':obJect beam whose axis is. close to that ‘of the axis, of the’ 1magmg lens‘-_"'.' _.

" -:_(See Section 422 1) These condxtions sensmse the ‘system for,:_,_'{":":'
:'f{dlsplacement along the axis of the 1mag'1ng lens ie., " out “of plane (a

| '.’:'-_Sumlar holographlc arrangement results in the observer seemg the ObJec*»"_'_ﬂ--..-f,f:'"

'Wlthm the ref‘erence beam) The 81ze of the speckles 1s governed by the

size of the 1mag1ng lens aperture, _thus enabhng the matclnng of the '
e speckles ‘with the resolutlon of the telewsmn 1mag1ng sensor i ’,I‘he'__

"'—f—{r'lntens1ty of the’ resultlng speckle 1nterferogram then contams three mam...?
"terms, from (1) Fo ; '

_= Ii + I;' + 2\&:12 co8 ¢ (s_ee Section A2.3)

- The mterference term 2\F I2 cos ¢ is the 1nformatlon carner in the video

: system and the other two terms can be. conS1dered as DC terms The o

_gpatial frequenmes of “the. mterf'erence term,‘ when 1mag'ed by ‘the
televigion camera, range between 1-5MHz, Therefore filtration of the
lower frequencies makes better use of the dynamic range of the video
- framestore. The enhanced s1gna1 can now be digitised (o a minimum of |
-8 bits to av01d degradation) before being stored in the digltal framestore.

Every subsequent pioture from the television camera undergoes similar
processing, but bypasses the digital framestore and goes through an image
correlator;_ Pixel by pixel correlation can be achieved by either addition or
subtraction. The easiest way to achieve subtraction is to invert the live -
image and add the two images. Thus the addition of the inverted live
_ 1mage and stored image results in subtractlon Stralght addition of the
. ‘_two 1mages, Whllst being 1dentical With holographic double. exposure or
live fnnge studies, does not. make best use of the video system. The
ability ‘to subtract the two 1mages enables static optical terms to be _‘

" gubtracted, -furthermore any intensity variations across: the_ image area
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_ Wlll be normahsed The result of. the lmage subtractlon is. \newed on a

_telewexon momtor after undergomg sultable re—conﬁguratlon mto an-
analogue v1deo sxgnal '

If the ob,}ect generatmg the speckle pattern moves away from or toward

e _the telewsmn camera. the bnghtness of any 1nd1v1dual speckle will vary
:cychcally from bnght to dark to. bnght with® every phase mcrement of &
radians - or N2 along thas a:ns Every speckle Whlch undergoes this

E ':_._”___The maxlmum number of frmges that can eas11y be 1dent1ﬁed aCI’OSS the

e vanatwn will have an mdependent 1n1t1a1 mtenslty value because of' the -:‘ ..
o :random nature of the speckle pattern S | e

- image surface. is approx1mate1y 40 and Whllst the system is capable of

‘more, the fringe contrast _begins to - make visual ‘perception difficult.
Consequently the maximum displacement, using a helium neon laser (of
wavelength approximately'equal to 0.6pm) that can be coneidered at any
‘one tlme is approximately 12pm.. D1splacements greater than this can be
cons1dered by simply readdressmg ‘the framestore at this ma:nma before
.contmulng with- the loading of the component Obviously a record of this
frmge pattern must be made prior to the new cond1t10n being made in the -
- framestore. This 'staircase’ loading techmque can contmue prowdmg that
a full record of all the stages is kept thus enabhng an overall displaced
_shape to be eventually pr“ojduced Automatic frmge processing facilitates
this (see Section 5.7). _Sm_ceth:s is a correlation subtraction proces_s,-Denby,_ '
Leendertz  [35] realised the potential for re-configuring the optics to

provide a method of examining pure in-plane displacement,
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To overcome ‘the problems of poor frmge visibility and loss of phase

; mformatmn, (as shown. expenmentally in Append1x 3), phase modulation - -

mthm ‘the reference beam can - be 1ntroduced This was reported by
Lokberg and Hogmoen [36] - The s1mp1est way of ach;\evmg th1s is to ’
replace one of the passwe reﬂectwe elements W1thm the 1nterferometer L

', with one capable of bemg v1brated under both amphtude and frequency' T
.7 control The object vibrates with amphtude Z;(X,Y) at po1nt x,y and has =

' an assomated phase of ¢0(x,y) " The vibrating mirror is oscﬂlated with the'*_ o

. same frequency f as the obJect but W1th an amphtude zr and phase ¢, PONDEE

_' If 'the_ angle between‘ th:e' object illum:ination and obser'iration is 5-10°
“then the image will be; '

| I('ic",y’)'o.c J? L%f[zf(x,y) + 22 - 2Z, (x,y) 7, cos(y (xy) - 912
iy

Therefore the maximum value will be reached when the phase and
amphtude of the vibrating mirror match those of the object point (x,y).
_ The value of this when trying to analyse complex fringe patterns is that
areas of movement that are in phase will be easily identified.
- Consequently the pha'se relationship of these sites with adjacent areas of
vibration can be determined by the phase change introduced with the
reference beam. This techn.ique is not only of value in vibration analysis
but also in determlmng dynamic moduli of materials as reported by
‘Rowland [37). - _Stz_'obosgp—ze “ modulation can be seen in Plate 17
- where the relatlve phase between the two adjacent antmodes is 180°.
Davies, Montgomery and Tyrer [38] ‘used phase modulation, stroboscoplc |

1llu1mnat10n and speckle no1se reductmn to analyse vehicle power trains . .

- and engmes
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'p1ezoelectnc crystal Whlch is bonded onto the mlrror support _Therefore o :

~this wbratmg mirror is now a dynamic structure with its own assoclated :
 resonant charactenstws Therefore the electromcs controlhng the

,‘"amphtude and phase of vzbratmg mirror. should take 1nto account thej,_- ":zj_j;
E ':'j system response CTilt errors can also be mtroduced 1f care ig’ not taken'}.}

o - with the choice of the mlrror Wlthln the mterferometer To remove the

5 _:;' tilt. and dynamlc problems of the mn'ror an" electro-optlc transmlSSIOI],"_t;r -

:element can be used, the penaltles here are thher dnvmg Vo]_tages and_'f'_f'f-

" cost.’ Expenments have been conducted w1th both systems, the former is o

'. 'favoured as smtable for the UART interface with the uVAX I computer,j"_ i

S :system For m—plane analysm one of the 45° mlrrors ¢an be wbrated
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Plate 17.
Results from Stroboscopic ESPI Analysis of
E-Series Engine with Speckle Decorrelation
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As with Holographic Interferometry if the component is resonating with a
higher frequency than the operating time of the television camera then a
time averaged fringe pattern function will dominate. If the component
response 1is imaged at specific timing points then a different
interferometric sensitivity function can be used to describe the object
motion. With large displacements (2um and above) the Bessel function
has reduced the fringe contrast to such an extent that observation is
made too difficult, see Figure 3.3. The introduction of stroboscopic
illumination originally reported by Pederson, Lokberg and Forre [39]
changed the fringe function to a simple cosine® function. Therefore the
fringe visibility is uniform over the whole object area.

As with stroboscopic holographic interferometry, the light pulses are
usually synchronised with the peaks of displacement. Therefore the light
modulation is at twice the frequency of the object vibration. The pulse
duration is at most, 1/10th of the object vibration period. If the object
motion produces too many fringes for good fringe contrast it is possible to
work on sections of the sinusoidal response curve other than the peaks.

The resulting image will be described by,

I(x,y) o cos? [(4n/A) z, (x,¥)] (43)

With stroboscopic illumination and speckle noise reduction techniques it has
been possible to image speckle fringes of 5 pixels width. The result shown in
plate 18 was magnified using the zoom facility of the image processor to
reveal a total fringe width of 5 pixels, around the four nodal extremeties. This
suggests the system is capable of imaging over 100 fringes across a 512 pixel
video picture. Assuming the basic Nyquist sampling requirements, it is
suggested that the system could be able to image fringes 3 pixels wide within

the aliasing constraints.
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Plate 18.
Photograph of Digitally Averaged Vibration Pattern of a.
Centrally Mounted Metal Disc Resonating at 1.2kHz

A consequence of the stroboscopic illumination mark space ratio is the
overall reduction in component illumination and to offset this light level
reduction, more laser power is required. Clearly the interruption of a
continuous beam is not optically efficient or cost effective. An alternative
approach tried utilised the instantaneous extraction of the entire stored
energy within the laser cavity to momentarily illuminate the surface.
Such an approach was attempted using a cavity dumper supplied by
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- t,...Coherent UK. Ltd The cawty dumper wae used in. con.]unctwn \mth an

o Innova 90-5 argon ion laser and produced pulse energ1es of around 0. 551JJ
- per pulse. The device worked by replacing the output mirror (typlcally_
| 90% reﬂectwe) of the laser with one of 100% reflectance  which could tilt

e _v1a a p1ezoelectnc transducer and allow the entlre output of the laser:f’ |

: € excxted populatlon W1th1n the laser cawty requlrmg re-energlsatlon before_'

= the . next pulse can be extracted Unfortunately the dev1ce rehed on’’

removal of the output mirror. from' the laser” and the ahgnment of this -
“external cav1ty system onto a pre—machmed base l1nk1ng laser’ and cawty, L

- ___..,-7-,,dumper The demands for contmual ahgnment of the system dunng and‘-:.r
pnor to operatlon rendered the expenment lmpractlcal s B

o King'_ at- Loughboroughﬂ_ has suc:cessful'l'y' 'demo"n"strated stroboscopic
~ modulation of a 20 mWatt diode laser by modulating the power supply.
. The coherence length of the laser during contmuous operatlon was
| ‘greater than 1 metre but dropped to less than 5 mm durmg pulsed |
operat1on | The censtructmn of the dlode laser de not lend. 1tse1f o
mterrupted operatmn, the thermal charactenstlcs of the device bemg
-dramatically reduced, limited its- _useful_ operatlon for interferometric _'
- purposes. Frequency doubled -YAG lasers have been successﬁﬂly used to
B generate strobosoopic illumination even though. the f:ulse duration‘ was
typically 10-20 nSec. This work is niore' ful_ly'covered in the next chapter.

5.3 Design of New ESPI Processing Electronics

The combination | of a television ~ camera - with a Speckle Pattern
~ Interferometer was achleved by Buttere and Leendertz [33).- This arose -
from the need to simplify holograph:c arrangements to enable
meagurements to be made in real time. This combination enabled the

~data to be obtained optically and processed 'electrOnicall'y. This .

_combination ‘produced an instrument technology with exactly the same _
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| : -i".._:;‘ to record the fnnge pattern Semmomman S orosimisl Bl T

'-'..sen31t1v1ty as holographlc mterferometry ‘but - w1thout the 1nherent
_ photograp]:nc needs ThlS 1nstrument has ‘been named the Electromc

'Speckle Pattern Interferometer, with the acronym ESPL. In this work
. - ESPI w:ll refer to both the 1nterferometer and to mterferometry o '

e apphcatlons as’ Holograph.lc Interferometry The ma;or feature of ESPI is that';
"1 it enables real time operation with the resultant fringe patterns bemg dlsplayed_

on a television monitor. The usual reqmrements for photographlc processmg and

: I plate relocation : are dispensed with as is the need for a second u:nage transducer

; The advantage of a telewsmn camera in bemg the pnmary 1mage

" transducer is that it enables the fringe position to be accurately digitised
W1thout the errors introduced by the second imaging system as necessary

The optrcal arrangement for ESPI is 1dent1ca1 Wlth that of Speckle Pattern

o Interferometers and. for non-destructive  testing it: can be-used for the same

in holography Subsequent errors in the 1mage processmg of the fringes -

“can ‘be related to the preclsmn of the telewsmn camera (CCD arrays' __ '_ :

'havmg the best geometnc preclsmn)

'With ESPI the - picture. is an intensity map produced by a phase

| _referenced speckle pattern. Subsequent video. processmg of the picture

~can be used to enhance the interference term ‘and remove the remalmng--' =

" non-contributory object and reference beams. The correlation process can
be performed by either addition or subtraction and to achieve the
correlation one image must be retained within the system. Originally

video tape recorders were used as the image store but these are now

_s_upersedediby digital framestores.

- Initially, large digital f_'ramestores manufactured by Pantak using discrete
16 Kbyte -memory devices were used. The framestore consmted of 96

memory integrated circuits which made up the 512 x 512 x 6 bit digital

| video framestore. Subsequently this was f superseded by a stand alone .

single board framestore manufactured by FOR-A, again of 512 x 512 x 6
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- b1t constructlon, but ut111s1ng only 24 x 64 Kbyte memones ‘The L
: 'analogue electronics used. previously on the larger Pantak system was

o reduced such that three p1ggyback daughter boards could be added to the'“ o
FORA system. makmg a stand alone ESPI subtractlon system. Thm was e

£ then ‘commercialised by J D. Jacksons who now supply Ealmg Electro’;'_;;-:j-, :
o 'Optlcs with complete systems Further development replaced some of the

'analogue technology w1th dlgltal techmques Th1s approach stall proved to .'j

i 'be time - consummg in settmg up and the ﬁnal p1cture amphﬁcauon
o resulted in ‘poor use of the dynarmc range It was necessary to further

" improve the signal condrtlonmg and reduce the. cahbrat:on and set-up

o reqmrements of these addltlonal c1rcu1ts Experunents mto maxnmsmg o

' the speckle frequency s1gnal content usmg opt1m13ed bandvvldth filtration

_."Were conducted utilising the Kontron hlgh resolutlon digital image
- processing system. The results of this work were then implemented into
~a single digital pre-processor daughter ‘board which plugged directly into .

the host mother board of the FOR-A.- This technology was cormnerclally L
_explmted with l1cence arrangements and supply of clrcmt boards to L
- _NeWport Corporatlon o S o

" Further research concerning the extraction of optimised ESPI ﬁ'inge..
| contra_st has concentrated on the ﬁltration techniques which work ‘on
single lines of the televiSion picture. New des1gns have enabled |
subtraction and ﬂoatmg low frequency filtratmn to work on each television
line. Thus low frequency detail, ;ncludmg any dayhght or non coherent
image content, is locally filtered out. This approach renders the system
insensitive to intensity changes across the image area, A further
advantage is the ability to provide total daylight immunity without
' requmng global averaging filtration which introduces the 1nev1t;able loss of
speckle mgnal 'I'he Daylight Immunity Device (DID) has an optlmsed
- bandmdth ﬁlter of 1.1 - 5 MHz which is maximised around 1.5 MHz.

The DID is a self-contained preprocessor system wluch can be used in- B

"_conjunctlon with any of the ESPI electromc systems.

l T
| For a more complete analysis of the DID, please see Appendix 4, !
| | ' 112



Flnally, the move to computer processmg of the frmge pattern reqmred niing

,the combmatlon of ESPI pre- processmg electronics thh computer-j

addressable framestores. After performance tnals of all IBM compatlble =

framestores, the_ Imaging. Te_chnology‘ IS100 was _chosen,. thl_s sits on the

- host bus of IBM-AT and IBM"compatible' "microcomputers' ~ The pre"_'f_ﬁ'.,i :
'ii'--”processmg electromcs consxsts of' a “half slot" board Wthh plugs mto the s

- host bus adjacent to’ the framestore The ISlOO ‘can be conﬁgured as_"j_:."'f'

o | either. a one 512 X 512 x 8 b1t or two 512 X' 512 x 6 b1t framestore and

:j'_utlhses twelve 256 Kbyte memory devzces By way of companson,_;-:‘,: -
storage of a’ smgle 512 4 512 x 6 bit 1mage Would reqmre 6 “such memory e

LGS R as compared W1th the ongmal 96 for the Pantak Consequently '

these new des1gns have gwen better fnnge contrast a consaderable cost--',-i

savmg, 1mproved facﬂltles and mcreased equ1pment rel1ab111ty

54 . Elggti‘dnig' Sp'_e'ckle Pgttgmaﬂbecorrelatioh-

"'-'_'-Durmg 1984 dlscussmns took Piace w1th NBWPOTt C°rP°rat1°n concernmg

- the potential exp101tat10n of ESPL It became apparent that marketing of

- such optical _mstrumentatlon would be pre_]udlced becaus_e of the relatively B
o -lonr_ fringe_ quality compared with Holographic Intefferometry and unless.
" the fringe contxja_et-of ESPI could be brought to.near holographic quality it
. was sugge'ete'd no American market ‘Won'ld exist. An idea put forward by
Pinnow of Newport Corporation compared the problem with that of fibre
optic communication which led him  to suggest that ideas used for
- coherent ' noise feducﬁon in fibres may be apphcable to - ESPL
Simultaneously, Montgomery at Loughborough h_ad independently
proposed analogue electronic fringe imptbirem_ent [26]. It was therefore |
- timely - to combine efforts with ~ Montgomery  to attempt - fringe
" enhancements. The approach_of the author was to concentrate on digital
- pre-  and post-'processing_ of ESPI images,  while Montgomery
concentrated on the necessary optical hardware and develop analogue
‘systems. Initially, a Microconsultants Interlect 100 image processor v@ras'-
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loaned to the author for various N.D.T mvestigations ThlS led to the loan of .
a Trappix 55/256 which produced the results shown in Plate 18

e If an mterferometer ig used for V1bration analyms in an env:ronment where

e fringe dnft 1s encountered then snnple picture mtegratlon over some time"___

| '."m"-i”_'_"penod (usually expressed by . the number of 1mage frames) can be__"

= advantageous in minnmsmg the contnbutlon of the ambient frmge p031t10n'.-"':_-". s

~ toany fixed fringe pattern. Alternatively, when using the FOR-A storea

& fac:hty prowded is to continuously update the framestore and thereby L

B ‘- subtract the prev:lous 1mage from the current one Any long time varymg; |

T dnﬂ: will be continuously subtracted away from the steady state. v1brat10n*_

N fnnge pattern. Integratlon here of the output W111 yield a v:bration ﬁ‘lnge"_' o
l_ pattern with some immunity to enwronmental drift, However, the fnnge
‘VISI_blllty will be fized by the underlying speckle content of the i image beam,

| Speckle noise in ESPI is ve'ry similar to the granularity problem in

_ holography where the use of coherent hght introduces granulation in both the
| “recording process and reconstruction, Martinssen and Spiller [66] discuss the |
B problem and conclude that speckle reduction is not possible at the recording
stage"by continuous speckle decorrelation because the granulation is the
~ information carrier. “An alternative is to ensemble average a number of .
different speckle images each containing the same fringe pattern. In ESPI
the speckle pattern cannot be moved signiﬁcantly during a single frame
otherwise incoherent imaging would result, Nakadate et al {67] average an
ESPI shearing pattern over 60 frames to increase the signal to noise ratio of

their video images by reducing the time variant electronic noise. The -

principle of ensemble averaging of random noise is not new and is.
conunonplace in radar and telecommunications. Speckle decorrelation can be
obtained by altering one or more of the following parameters; viewing
_direction, illumination direction, laser wavelength, introducing a phase
change to the illuminating wavefront or the scattered light from the ohject.
Slettemoen [68] suggests changing the viewing direction using a rotating
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- double slit aperture, movement of the aperture by its own width would
completely_decorrelate the pattern. Lokberg & Slettemoen [40] 'snggest___an .
_easier method of 'object beam tilt, Creath and Slettemoen [69] subtract the

stored pattern of a v:bratmg object from the live pattern of the wbratmg

PURS obJect and 1ntroduce an phase change between reference and obJect beams f =

i The speckle averagmg makes use ef the 1ntegratlon features avaﬂab]e w:tth S
'_ ) 'computer based framestores and a rotatmg dlﬂhser screen Dlﬁ'user screens " :
W have mcluded a double back-to-back type- usmg commermally avallable 0

diffuser glass, though the Optlmum was found to be a disc of acld etched”._;_

'j_;-"dlffuser glass attached to a geared down 12 volt de. electnc ‘motor. .

. Montgomery [26] has shown the necessary translatlon speed of the dlﬂ?user_f -
"to be within the range of 10-40pms™. "

The benefit of‘ d1g1ta1 mampulatxon of md1v1dual Speckle 1mages should

; increase the ut111ty of this technique and require far fewer 1images than were
. reqmred for the simple mtegratlon examples shown
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| A prewous attempt at commermahsatlon of ESPI technology had taken
- place with a -licence arrangement thh thens Ltd The optlcal
. 'arrangement is shown in Flgure 5 3. ' '

|| LASER  (Smw - He Ne)
. Py
ll . Pe ) R i
I-V.A% > NBL
I . = ;J:' IR Lo . _’11.‘_’._.__' ]
} . - INTERFEROMETER P2
' e P ~— X
! ::'gégg«r—v T.V. CAMERA = :
F R
| o . . ,’D"
| © OBJECT 4
] - SPACE :.
| ' <
- \_ ———————————————————— f’
(]
!' ‘10cm | :
: ,— ot
Flgure 53

0pt1cal Arrangement of the then ESPI
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1 --lf--.,.__As can ‘be - seen, - the arrangement i costly because of the number of'_"-}{i;;

optical . elements used the complex layOut caused consequent ahgnment

o : problems and suffered poor performance due to optical Iosses and opt:cal -

) _ noise. The weight of the unit required two men to lift the mterferometer -

‘No opportumty for reference beam path length compensatlon was prowded s

?';'"__and operatlon was  achieved on’ mult1ples of the laser. coherence length. ,

i : F1xed focus, s1ng1e element 1magmg lenses Were used whlch reqmred the o

| '7te1ev131on camera to be translated for ﬁnal focussmg of the obJect

| __The concept of the "hole in the mirror" 111um1nat1on and observatlon (M1 :

e _"and M,) is one’ techmque mtended to maintain con;ugacy of the object and

_reference’ beams Unfortunately, 1t is difficult in practlce t0 use and alsoi,,,_':fr :

5 '_ "presents cons1derable manufactunng problems It was therefore not N

surprising to learn of Vinten's poor sales performance

Fundamental to any 1n-serv10e operatwn of an 1nterferometer 1s simplicity _ |

. of ‘design and- consequent use. Expenence gained in attemptmg to

1mplement ESPI within the automobﬂe 1ndustry, enabled a hst of pru:nary
: and secondary des1gn specxﬁcatwn to be produced.

5.5.1 Instrument Specification

- Primary 'Objecg'yes _

e Ease of operation by non-specialist operators,technicians,

* Low mamtenance (Enclosed optics to minimise cleamng
requxrements service call /annum).

¢ Minimal operator reahgnment (Limited to adJustments of;
object area, focus, path length compensatlon and beam ratms)

. Vanable 1mage area. (Use of 1nterchangeable zoom nnagmg lenses).
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'« Cost. (Less than £30K 1dent1ﬁed by market research)
. Slze and we1ght (Easily man manageable)
. 240V operation. (Reqmrmg no special services), - -
R Capable of acceptmg alternatlve laser sources (Argon Ion),.:'. |

' Expandable to 1nc1ude stroboscop1c 111um1nat10n, IS IR NN ORI N

o phase modulatlon, speckle decm:'relatlon and contounng

o Instruments des1gned by Bergqmst and constructed by Roulstone, hadj.'_

: concentrated on - turret lens constructlon to prowde some degree of E
variable imaging capablhty Extending this principle ( Ied ito the
- incorporation of a variable zoom lens as used by small format smgle lens:
~ reflex camera manufacturers Advantages of tlus approach 'yielded high -
_quahty, low cost optlcs deslgned for operatlon mth a stand off from the

| _ﬁlm plane of ~45mm, Use of Zuiko- (Olympus) lenses - conﬁrmed ‘the "
g _ su1tab1hty, _leavmg sufficient access behind the lens for the reference bea.m .

. combination optlcs The arrangement still provided well corrected 1mag1ng

onto the _telev1s1on camera. The use of 1° wedge beam combiners _had-
been common place  as the alternative to the - “hole-in-the-mirror" -
arrangement However, this introduced ~astigmatism into the . focussed

image. A pellicle beam combiner was tried, (a thin plastic membrane), but

was found to be highly susceptible to airborne acoustic energy whlch"
resulted in dynamic excitation of the beam combiner. Finally a 25mm
- cube beam splitter, initially-50:50 - " (transmitting:reflecting), finally,
95:5 ration was. u{sed' to provide high quality‘ object and reference beam
combination. An arrangement for minimum number of optics is given in
. Figure 5.4. | | :
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Imaging Lens.

* Cube Beamcombiner |

Television |
-Camera SRR

CBeam’ — f
Splitter  ~ . ]

| Figure 54 -
Arrangement for ESPI with Minimal Optics

_ "I‘he spatlal ﬁlters are not obligatory, though the unprovement to fringe

quahty, due to ‘uniform local mtensmy, is conaderable for time-averaged | '

vibration .studles. Similar to the Vinten design, object location is
~ dependant upon multiples of the coherence length of the laser used.
- Montgomery [26] has _experimentally analysed fringe contrast from these

~ designs and shown for the first five coherence planes that the frmge_
 contrast was umform , :

118



oo In practlcal terms, the ab:hty to 1mt1ally optumse obJect ﬂlumxnatlon and' R
| then match the reference path length has many advantages, notably: ease
" of get up, reduction in set up time and removal of coherence measurement _
L errors,. The ability to dial up necessary compensatmn and adJust by msual

o conﬁrmatwn from the telewsmn momtor is of Value to the operator

o Changmg the ax1s of the laser to match the telewsmn camera Wlth a0

e steenng rmrror, wh11st mtroducmg a further opt1ca1 surface prowdes
e '_'compact de81gn, ease cf 1mt1a1 ahgnment room for aumhary optlcs and_

o :{_‘the mput mirror for a second laser. The final de51gn shown m Iﬁgure 5. 5..
'"__"__Was presented to all commeraally mterested partles - | S

Spattal | /0 -
Fllters ‘ o
‘ R Zoom Lens _

| "%'042 Combm:ng Cube._

' 4% | Television
(amera

~ To Proce ssﬁgi
Electronics

 LASER

- Reference Beam
Pafhleng‘rh Compensafer

3

- . Flgure 8. 5
Mod1ﬁed ESPI Arrangement for Out-of-Plane Studles
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_'_.,_The des1gn of the reference beam path length compensator used a 150mm

~ travel linear translatlon beanng with a maximum honzontal runout of _ :

g greater than 1n over the travel. NPK of Japan provxded a smgle rail of

“suitable speclﬁcatmn such - that . after five or seven passes of the

i -compensator the laser beam would still focus- through the reference beam-

. spatial ﬁlter p1nhole The movmg camage of the compensator camed the__ﬁr.:"’-

o smaller prisms in an’ attempt to mmumse changes of load along the e

"_Iength of the hlgh prec1smn ground rail. Indmdual tilt and rotatlon of the
: pnsms allowed for 1mt1al ahgnment a ﬁxed target array was used for T

.'.,‘

L '_— __To facllltate obJect 1llum1nat10n, a ﬁnal obJect beam steermg mlrror ‘was’ ._
) _"1ntroduced to allow mampulatlon 1n both honzontal and vertical ‘axes.

" Here problems were encountered with conventional commercially available
mirror mounts. The requirement was for a compact mirror which could be
adjusted from above, and once adjusted locked off in pos1t10n This led to-
the desugn of a novel zmrror mount which as a kmematxc principle has
'now been apphed to vanous optlcal mounts '

5.5.3 Novel Mirror Mounts

Examination of commercially available mirror mounts, Figures. 5.6 and
5.7, show them both reliant on the precision of the operating screw
threads for angular precision, and thread straightness of lack of axial
crosstalk. Examination of the former showed itself to have high
- gusceptibility to axial _crosstalk (in x and y axis) when used to tilt a laser |
 beam independently in the x and y axes. The runout was primarily a
_ _' function of thread- stralghtness and the precision by which' the ball end to
‘the thread had been applied. Furthermore, neither des1gn lent itself to
vertical ,a_ctuatxon. The need for optical ahgnment without introducing
dust required a transparent cover which itself could protect the internal
components but could be penetrated and sealed by the adjustment screws. .
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| :.:{'Imtlal 1deas concentrated on taper ended screw threads and moan.__’-'f“__--—--

o ‘wedges. Both becams expenswe to manufacture and still rehed upon the - )

* thread precision and stralghtness "The final demgn ‘was pubhshed by =
| Bramley, Roulstone and ’I‘yrer as Patent Number 8529687 The novelty._f-_
" being denved from the baIl on ball motion to transfer vertlcal ‘operation to - .

- horizontal movement by means of the contactlng tangent between_ the two

i ball dlameters Thus w1th both balls ﬁxed in opposed tubes the motaon'.-_: o

could be transrmtted through the angle between the two tubes A further I
' advantage is gamed when balls of d1fferent dlameters are used In thlB o

-~ instance the transmitted. motnon 1s factored as a functlon of the square

o '-:root of the dlfference of squares of the ball dlameters, ie.. e1ther a

o magmﬁcatlon or reductmn to: the operatmg screw: thread p1tch The demgn_

o "“_'as shown in Figure 5. 8 overcomes the ax1a1 crosstalk of the screw thread

- and enablés vertical actuation. This mechanigm of displacement was also |
adopted in the constmctlon of spatlal filters. The reductlon in operational
volume of the device means that stackmg of components in compact trains -

and p031t1omng devices in corners of boxes is . poss1ble To date ‘one

. hcensee, Ealmg Electro Optms PLC has undertaken manufacture of these

. mirror mounts
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' Based on the 'experience 'gained from fhe.previous designs, a"epeciﬁcati'on |
. for a new optical head was produced. It was the intention of this

e spemﬁcatmn to’ comblne all the attnbutes of recent mventmns as well as- -

" below: - "

 OPERATIONAL FEATURES ~ FACILITY FEATURES
- On board Helium Neon laser . _Strobcscopic illﬁmination '
-:Interchangeable zoom lens. - using either mechanical or
Vertlcally adjusted spatial - -+ electro-optic shutbers o N
- filters w1th remcvable pmhele - . Phase medulatxon cf reference L
- carriages. . SRR beam using either plezo "
- Transparent dust sh1e1d S electric mirrors or '
. High strength of weight ration. electro-optics delays.
. High base internal damping. - - External laser inpﬁt,
. Thermal barriers and enclosures.  argon ion. o
« All components rigidly mounted - Rotatable output mirror
to base. ~ for decorrelation.

~The final outline is given in .Fig'ure 5.9. The base utilised an aluminium

honeycombed composite of 50mm thickness onto which was bonded a mild
steel gkin on both sides to minimise any dlfferenual expansion. The steel
skin formed the fixture base which was marked out and finished prior fo

... providing an mt.egrated test bed to evaluate performance of two. d1ﬁ‘erent‘:':
" _'_i.'.‘_method of reference beam phase modulahon The need was driven by the'-':; -
- fringe pattern analys1s work (see next- secuon), whxch reqmred a system_ £

o 'capable of being mterfaced to the host m1m computer 'The specxﬁcatmn ; o
-~ considered operatmnal and faclhty features The ﬁnal spemﬁcatmn is gwen"'

final bonding onto the aluminium. The laser was mounted uemg two
“collars which were positioned using posts of suitable height. The l_aser_“ |
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_ ':._.,_:.”was addmonally enclosed w1th alumuuum plate and a separate vented hd
© to minimise thermal 1nput 1nto ‘the mterferometer The working helght of : _

the mterferometer was determmed by the reference beam- compensatmn

' leg The centre he1ght of the pnsms on their ad]uetment sled and fixed to S

- the movmg camage of the NPK rail was consuiered to be the tallest of all'
‘the components B R , e

-

JAY | | Telews:on
| | Camera™

To Proce’ssn?g
- Electronics
y  Elecror

LASER

To UART Corﬂitrolle'r; -

: ‘ Flgure 5.9
Contmuous Wave ESPI System with Computer .
K Interactlve Optical Phase Stepping -
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ol ;The telewsmn camera mxinally chosen was a. hlgh resolut:on (1254 hnes),

extended - red super chalmcon manufactured by J.D Jackson. This was--'-
'~ fixed onto - a focussmg table, ‘which could be moved - ax1ally via- the
focussmg screw. A low proﬁle, alux:mmum, smgle rail construction was

“chosen. A milled vee groove on e1ther s1de of the rail provided the - ™

' eperatlon (prewously descnbed), thus all. adjustrng Screws were . elongated o

| '1"':-,:__':_-:locatxon rI‘he telewsmn camera hezght controlled the overall he1ght of the o
ERR system - ; — : S LT

All optlcs that reqmred adJustment ‘were- manufactured w1th vert1cal .

to penetrate through the transparent dust shield. This perrmtted opt;cal_ o

' prowswned W1th vertlcal z adJustment of the focussing lens as the
~ horizontal adjustment | was: sufficient. For quick alignment checks

- (necessary when an auxiliary laser 1s.be1ng introduced), the entire pmhole

carriage can be’_removed heneath the base_plate _of the spatial ﬁlter.

- :Interfnnge mterpolatlon accuracy is deterrmned by p051t10nal error ot" the'
' phase shift within the reference beam. In an attempt to determme thls_

, _expenmentally, two methods were conceived;

" 1. A mirror mounted onto a piezo electric_translator. |
2. Variable electro-optical delay crystal using the pockel effect.

The consequence of such an approach is shown d1agrammat1cally in Flgure
5.10 and 5.11 with a lateral translation of the beam leading to a percieved

.l

1 component of tilt to the interferometer.
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S, Schmderetal[70] have_consideredlthése in more detail; in part1cu1ar the ..

| errors associated with the 'p:recis'i'on of the applied phase; ‘extraneous ﬁ'inges"."
“and optical noise. - Here the Work is concerned with. a Twyman Green

e 1nterferometer in an attempt to determme phase to W1th1n 2./200 ‘The ab111ty .

to, repeat and average detemnnanons enable premsons on ﬁ-mges of h1gh' L

S 3 contrast to be successfully obtamed In tlus work the emphaSIS is towar d the'_:: S

o "{;-'_rapld acqulsmon of data from events wh1ch may not be repeatable

| "j_:_;_"_ZCheng and Wyant [71] examme the sen51t1v1ty of a phase shlftmg

-. ,'j"llnterferometer to non—hneantles in - the plezo electnc tranducer and_," ‘_

BNy -ca11brat10n errors Usmg a4 phase Shlﬂ', method of 1:/2 mcrements (each .

o labelled A B, C; D respectlvely) an 1mt1a1 phase determmatlon can be made.

- :_usmg A—C and a second determmatmn usmg B D an average 1s then taken: -

of the ‘two. Non—umform:tles in the PZT are also conSIdered and they.

- _examme the need for better cahbratlon and compensated algonthms The =

o ‘approach. taken was to utrhse plezo-ceramlc crystals for the phase shlftlng' .

' transducer whlch exh1b1t the combmed advantages of low dnvmg voltages (a'

10 volt range bemg adequate) and 1mprovod manufactured hneanty In the -
manufacture of these elements s1gmﬁcant bulk shnnkage (70- 80%) of the :

s component volume durmg ﬁrmg leads to 1nhomogemt1es W1thm the crystal

' One techmque to mlmm1se the effects of non-lmearrtles assoc1ated with th1s
manufacturmg process ls to segment each crystal into thlrds A composite
crystal is then made by comblmng three matched segments, which provides
more uniform transalatlon charactenstlcs Such a crystal was purchased and

' used in this work
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Flgure 5.10. |
. Lateral Beam Translatlon with a 45° Movmg Mirrot k
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. L _ Flg'ure 5.11
_Reduced Lateral Beam Translatmn Usmg Acute Angle Reﬂectaon -
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The quallty of the plezo dev1ce governs the overall accuracy, _thh

"-premsxon devices are compeszte structures made up from three wedges of
" -_ _matenal The performance of the elements is ‘matched’ pnor to assembly,
. thus a umform linear translation of the ‘mirror takes place. Recent piezo - .

_..__capacxtlve de\n.ces have been acqulred wh1ch prcduce the reqm31te levelsr-'"r"'; ,

' "'-"'_':-'_;.,-f;f'_'of movement with a change of 1. 6 volts ‘These avail themselves to dxrect"jr o
connectlon to the d1g1tal to analogue 1nterface of the computer Prewously, S

| 600- 800 volts: vas. necessary ‘which- requ1red a voltage amphﬁer to be
- ;mterfaced to the computer The arrangement descnbed in 5. 11 was chosen o

. as mtroduclng no measurable errors

»

" The- electro optlc cell selected was a’ modlﬁed Electro 0pt1cs Des1gns:r;_'5-'_-'---f

"pockel cell. The crystal is elongated and the beam is passed back through E
the dev1ce wﬂ:h a corner cube as shown i in Flgure 5.12, ' e

e
%

. I“lgure 5.12 _
: Double Pass Phase Modulation usmg an EOD Pockel Cell
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o The pnmary reason for undertakmg thls arrangement was the ehmmatwnf:'

. of moving parts, thus overcommg dynamlc resonant problems and tﬂt_ S

- components as dlscussed prewously The unit proved 1tse1f expenmenta]ly,‘ _
Vhowever the followmg factors m1t1gate agamst its - ‘use m commerclal )

L Cost, £45K.
2 Drwmg voltage, 1500V
8. Power supply sme and welght

plezo capacmve m1rror R e R

- Consequently the pockel cell was removed and the mirror used for all
subsequent work I '

5.6 Threg Dlmgnslgngl yh ation Analysis Using
Tlme-Axgrgged ESPI IV o

The optical arrangements_ ‘necessary for out-of-plane and “in- plane
sensitivities are discussed in Appendix 2. Little work has been reported
“which utilises the advantage of ESPI for such combined, yet independent
analysis. Whilst requiring three illumination arrangements, the potential
“exists for sequential analysis by one television camera or simultaneous
viewing with three television cameras. The desire to investigate the three
' dimensional aspects was promoted with the need generated by Metal Box
"PLC. A collaborative request was made for assistance in the design of
ultrasonic can manufacturing equipment. ‘Here the need was to design a
- resonant structure at 20kHz which would operate with high energy
efficiency and good separatmn of any other adjacent resonant and coupled -
modes., The enwsaged process relied on resonant operation to’ effect a.
o conmderabl_e friction reduction dunng the necking operation of metal cans.

129



| o in rotatmg obJects, but no reports have been found usmg a twin- obJect:---:

2 '"'_'-';.'-"Expenments were performed whlch demonstrated the ablhty of—ESPI to
- yield information about the mode shape of an ultrasomcally excited die L

block. However, the usual out of plane study, whilst prov1dmg conﬁdence -

| j'"_of the technology perf‘ormance at that ﬁ-equency (20kHZ), did not. Yleld 9-11_- .
e the necessary 1nformat10n S ' e Rt

‘-.-.;; .In-plane ESPI had prevmusly only been apphed to measurement of
L surface dlsplacement and stram Praeter [52] has observed i m plane stralnj}_ o

| fbeam 1nterferometer to measure “vibration. Lokberg [41] has stud1ed 1n-"

| plane v1brat10n modes using an out—of-plane mterferometer and Wewmg = .‘ :
: 'the obJect at an angle, 80 that the sensltmty vector gave a combination of S
'm—plane and out—of-plane components The main advantage of this system

' is that only one optxcal arrangement is ‘needed. Dlsadvantages are that

the object appears distorted because it is viewed obliquely, and calculatmg _

' the three d1mens1ona1 amphtudes gives’ the same computatwnal problems |
“as for holograplnc mterferometry These problems can be overcome by.:_ =
“using one out-of-plane and two 1n-p1ane ESPI systems to measure three

L mutually perpendlcular components of amphtude When wewmg a surface.

at the normal it is possible to acquire directly the m-plane and out-of-

plane components, thus for any object geometry it is easy to obtain the =~
_resultant amplitude and direction at a point. by addmg the  three
-components veotonally The 1dea1 arrangement is to have an optical rig

which enables all three views to be taken either simultaneously or
sequentially without moving the objeot. Hence quantitative measurements
can be made by counting fringe orders from the nodal fringe to give
amplitude in the direction of the sensitivity vector at that point. Vector
addition of the.'components then gives the overall surface amplitude. It

~ should be noted that the sens1tmty vector varies across the . object,
_eSpeclally when d1vergmg beams are used However, if the divergence )

angle and viewing angle are small ‘the va_rlatlons can usually be neglected'

_ except for very accurate measurements.
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;The obJect chosen to demonstrate thls techmque was' a thick hollow;_":':'_:_r"'f'-"r

"cyhnder, approximately 170mm outside diameter and 40mm th.ick made

of an alumimum alloy Its lower order resonant modes fall into three o

~ classes: radial torsional - and rotatlonal whose - pr1nc1pal| wbration_.'-

components are radlal axial ‘and . “tangential respectively When the

yhnder is wewed ax1a11y end-on, axial v1brat10ns correspond to. out—of-

i plane motion, whilst rad:lal and tangentaal components are both m-plane o

r_:_."The cylmder was exclted by ‘a magnetostnctive : transducer mounted o

radially on.the outszde diarneter, and driven by a sugnal generator Wlth o

. | ,varlable frequency and power output Firstly 1t was v1ewed ax:ally 1151118‘
S an out-of-plane ESPI- system- Wlth an- argon - fon laser. The excitation

o frequency - was ‘increased - gradually whﬁst observmg “the tlme-average L

" frmge patterns in real time on a video monitor. This enabled all the .

| _resonant frequencles to be identified rapidly, and the fnnge patterns for -

‘each mode to be recorded on video tape for subsequent analyms The
'opticai arrangement was. then changed to give a system ‘with horizontal
m-plane sen31t1v1ty and the analysls repeated and ﬁnally the vertlcal in .
'plane component was examined, Figure 5.13 shows the three . fringe

B = patterns observed at 24 00kHz. In all, more than ten resonant ‘modes

' were observed in the frequency range 13 to 27kHz,

| A ﬁnite element analysis" of the Cylinder' __Was also'undertaken”to predict

. the natural frequencies and corresponding mode shapes.'From the results

of the analysis, contour plots of out-of-plane, and horizontal and vertical
in-plane, components of amplitude were produced. These could be -
compared with the ESPI fringe patterns -to help identify the resonant
modes; and" to see how the mode shapes observed in practice vary from
the theoretical predictions Figure | 5,13 shows Finite Element predictions |
of a resonant mode at 24.24kHz, which corresponded closely to the.
- experimental fringe patterns ‘The predicted mode is a second order
rotational mode, havmg symmetry about horizontal and vertlcal axes, with
. the 1ns1de and outmde of the cylmder rotating in opposite directions in .
) between The observed 1n-p1ane frlnge patterns 1nd1v1dually g1ve 11tt1o
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1nd1cat10n of the type of wbratlon mode, so 1t 1s necessary to. qomblne-',-'-,_"'_a

- :"'them Thxs has been done by supenmpos1tlon and plotting the component
“vectors wherever ‘two fnnges mtersect The amphtude of the vector 'is
Ascaled from the frmge function, and the phase (shown as d.u'ectxon at an
Son arbltrar'y pomt 1n tlme) changes through 180 Whenever a nodal ﬁmge is
g _crossed Adding the two vectors at each 1ntersect1on pomt gives the total -
.-.:_'m plane v1brat1on pattern as- shown in Flgure 5 13, Tlus shows the two S

axes of: symmetry and the. rotatwn “about ‘nodal pomts, prowdmg-

SR _"'add1t10nal venﬁcatmn that the mode is as predlcted It would be poss1b1e""i.: ";:'
E to add the out-of-plane components and produce an 1sometnc plot of the :'
‘mode -shape, but in a case’ like thls the mode can be . more’ easllY

wsuahsed and categonsed by conmdermg the comblned m-plane"_.;

| 'components separately Tt can. be seen that the out-of-plane nodal Imes'r L
“coincide with the maximum in-plane amphtudes, and where there is little

in-plane motion along the vertical and honzontal axes the ‘object is

wbratlng out- of-plane

The results presented demonstrate that by usmg three ESPI v1ew1ng -

iarrangements it is: possmle to observe all three. d1mens10nal v1bratlon '
modes. Because the three sets of results represent mutually 1ndependent‘ o
' _components, m_terpretatlon of the mode shape is very much simpler than

with holographic interferometry or similar tec_hniqnes. Predominantly in-
plane modes reouire only a simple vector. addition'of two fringe patterns.
This process can be extended to add all three results for 'complete
visualisation of complex ~three dimensional mode shapes. Such an
approach, using either single or combined patterns, is particularly
attractive to vibration engineers. Furthermore, the procedure of data
reduction and fnnge pattern interpretation is ideally sulted to automatmn

| by computer as discussed in the next section.
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ot Tlus work has a]so demonstrated the compat:bxhty of ESPI ancl Flmtej

' Element techmques as complementary to v1brat10n analys1s Finite

 Element methods are clearly very powerful predictive tools, and often
-_-;extremely useful at the des:gn stage. It is at the stages of prototype-' '

i evaluation, development and Quahty control that experlmental venﬁcatzon-' T
S sl essent1a1 ‘Mode shapes. can be. easﬂy analysed and compared Mth
o ”“f:._\predlctmns, and as demonstrated this can - mdlcate distortion  due to

i operatlng condltlons, fabrxcatlon stresses, materlal defects, ete. Resonant S

= frequencxes can. be accurately measured by obserwng the peak response'f e

and the amphtude reSponse for a’ given exc1tatmn can be. measured
.4 quantltatlvely The F1n1te Element model used in’ this. analysm d1d ‘ot

5 . take account of mechamcal damplng ESPI has also 1dent1ﬁed combination

*modes whlch were not ongmally predlcted However, once ‘the boundary

' conditiong for a given mode have been verified; the Finite Element

_tech_mque can provide useful information on _mtemal strains whlch can.not_ ’
" always be obtained experimentally. A more complete analysis of this work
. 'is presented in'reference [42] by Shellabear and Tyrer.
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“Horizontal ___ . . Vertical 1
- in - plane - in-plane

Out- of - plano

'(a b'.c) | ESPI frmge patterns o
o (d,e f) . computer FEM predlctwns o
' (g) m-plane amplltude vectors from (b) and (c)

Flgure 5. 13

_ thratlon Analysm of Thick Aluzmmum Cylmder _
_ at 24 kHz Usmg Both ESPI and Finite Element Methods
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The automated extractlon of data from ESPI frmge patterns has been "

- lughhghted in Figure. 1 because it was felt. that an end user ‘would not'::_

E have the desire: to. mterpret “such ‘data;- The successful transfer of ESPI |

o ’.j._technology to the. mstrument manufacturers had reqmred act1v1ty to be'_:

: _':'_':undertaken in. thls area. It ‘was necessary to- buﬂd an optncal system'._ i
L capable of producmg enhanced mformatlon suxtable for the computer._— :

ﬁ based 1mage processor It Was also necessary to evaluate the vanous];'-'-‘____-

EE methods of fringe pattern detectwn ‘Having chosen the’ most appmpnate:_,

_'means to develop software to mampulate ﬁmge patterns into a- suitable

‘matrix of unamblguous data. the dlsplay of the data could be tallored to
smt end user reqmrements

Several speclﬁc problems arise in ESPI frmge analyms, due mamly to the

- presence of a h1gh level of spatial frequency noige, The d1fﬁculty lies in

the reductaon of thls noise, which constitutes the mformatlon carrier. The
B mterferometnc phase referenced speckle pattern 1s ‘contained w1th1n a
spat1a1 frequency band of 1.0 MHz - 4.5 MHz w1th1n the noise. The image -
is ‘modulated with a random intensity of the 1nformat10n carrier (speckle).
The resultant fringe pattern contains fringes which have a definable
function but do not ‘contain displacement phase (sense) resultmg in data
" ambiguity. Local changes in surface illumination and non-homogeneous
~reference beams can render variable contrast across a fringe field. These
issues render simple techniques of image processing ineffective when used
in isolation.. The image after subtraction contains both optical and
electronic noise which gives rise to intrinsically poor signal to noise ratios.
~ Electronic noise is inherent within the television 7 camera electronic
processing and _ digital - storage. The optical_ noise is composed of the
~ residual statistical speckle. produced by the- " coherent object beam
and the optical surfaces mthm the. mterferometer A distinet overlap in
frequency emsts between noise and sngnal at some Spatlal frequencies.
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_Thus the fnnges are dmcentmuoue makmg them d1ﬁicu]t to Iocate; in twof*-'-’_:_* =

a dlmensmnal space " using - co_nventmnal thresheldmg and trackmg
o techniques. " ST

o _-The method of optlcal n01se reductlon dlSCllSS&d earher is relevant only tor___ o

L --_tlme averaged frmge pattems However, the mtentlon was to develop a
L system able to undertake analys1s on any ESPI fnnge pattern, which

vmeant the reJectlon of speckle averagmg as- a noxse reductlon techmque o

__The frmge patterns could therefore have e1ther a Bessel or cosmusmdal:-_l,‘..:_
functmn requmng user preferred 1nput sens1t1v1t1es to be 1ntroduced

S ESPI correlatlon frmges have an 1nten51ty dlstrlbutlon caused by thej-'--_---
o dleplacement of the obJect surface along the sen31t1v1ty vector. Smce the :

amplitude and phase are not exphcltly detected, the du'ectmn (sense) of
the displacement  along this vector can not be eas1ly deduced. This
‘ambiguity - reqmres add1t1onal mformatmn to  provision the sense of
‘displacement, Ear]y analyses | | of interferometric results were of a
qualitative nature where the characterlstlcs of fringe patterns were
‘sought, such as; concentratlon of fnnges around one. location, changes in
the structure of a pre-determmed structure or fnnge ﬁeld The approach
is not to rely upon such a-priori knowledge and enable a unique solution

to be produced Initial attempts at computer assisted fnnge pattern .

detection required the locatlon of fringes, deducmg the fnnge order
num_ber and extracting point wise information by fringe counting and
interpolation. | |

A eurvey of potential techniques used i_n other types of optical fringe
pattern analysis highlighted five methods:

i} . Simple frfnge tracking. _
i) - Spatial synchronous detection,
iii) = Phase heterodymng '
iv) - D1g1ta1 transforms,

- v)  Phase stepping.
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' "5 7.1.1 Fringe Trggk:mg

" This-is essentially an 1nten51ty trackmg process mvolvmg b1nansat10n, o

L thmmng and edge or peak- detection. Little knowledge of the fringe - -
af'fj-_.:_-pattern characterlstms ‘is reqmred but moet earher methods mvolved

_. S operator guldance to eome extent The general methodology 15, ﬁlter, S
o 1dent1fy and track peaks or troughs number the frmges, calculate the"_*‘-__
s -'-f'measurement parameter : .

o The tWO .main. problems to be overcome ‘are nmsy frmge data and 1mages

e - mth large vanatmns in local contrast ‘Most fnnge tracklng routmes can -

) ‘not cope with high noise or varymg contrast w1thout extenswe operator
- guidance. Some systems rely upon the user gmdmg a cursor or light pen, |
Hurden ([43], to  determine fnnge posmon Such systems are prone to
posmonal error and rely heavily upon slnll and 1nd1v1dual Judgement They i
~can also be very tedious to use and dealmg mth large amounts of data in.
th1s way is not fea51ble s ' o

High spatlal frequency noise can be reduced by low—pass ﬁltermg by local_
. averaging (mask) teehmques ngh spatlal frequency noise is a more .
difficult problem and is less ,amenable to mask_ filtering, although_
gatisfactory results can be achieved at the expense of fringe visibility in
some cases. '

Assigning of fringe order numbers can be performed by the operator if the
zero order fringe position is known or if 'lprior information is available.
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£

- Spat1a1 synchronous detectlon prowdes a fac:hty for the mtroductlon of s

tilt' to the 1nterferogram ThlS is usually accomphshed by angular E
e dlsplacement of a J:mrror in the mterferometer, wh1ch in. turn causes the -

. | _fringe pattern to rotate/translate in the ﬁeld of v1ew 5 _
- By careful mampulatlon of the opt1cal geometry, it i 1s possnble to obtam a '

e i';.-:'jnew set of frmges symmetncally distributed " about the honzontal or

o "":vertu:al ams of the ﬁeld of wew The. measurement parameter is then'__:;_ o

 encoded in the departure of‘ the frmges from the expected symmetrlcal ', -

dlstnbutlon It is then a sunple task to' asmgn fnnge “order numbers_-,_'.— L

accordmg to the. pattem symmetry (eg left to nght for vert1cal fnnges) R

I "'?:_':'_f";These procedures Yleld phase - directly and: obV1ate the need f‘or ass1gmng o
- fringe numbers, although 1dent1ﬁcat10n of the zero order 1s still necessary S

Green [44] has demonstrated the tech.mque suitable for ESPI frmge -)f .

~ processing.

5.7.1.3 .!msaL_temdxmng |
. When measuring surface dlsplacement or form 1t is not Poss1ble to
' d1st_1ngu1sh_ _between_ concave and convex features given only a single '
interferogram' and no other information. This ambiguity may be removed
by determining the displacement at a given point in terms of phase
difference produced by an optical path change

Heterodyne interferometers are specifically designed to extract phase
information and have been used very successfully in holographic _
1nterferometry for several years by Dandliker  [45]. They are capable of

*. . very high resolutlon and usually form part of an automatlc data

: processmg system. They are rather more complex- and expensive to
construct than a conventaonal holographic mterferometer, and require high
bandw1dth detectors makmg them unsmtable for d1rect video 1nterfacmg_

to an lmage processor. : '
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L _ A Twyman Green heterodyne mterferemeter forms the bas1c frame workrr;:}"
’ _of a typical instrument. The two interfering beams are shifted a very

| - small amount in optical frequency, (Acn1 and Acoz) usmg electro optlc Bragg' S
: cells For each beam, then, '

| BeBiwslersa)ievd @y -
| Ez = Eos cos [(m + Aa)z) t + \yz] i __: :3;_; ( 45) =

" _'where E is. the optxcal ﬁeld amphtude,' _a) is. the angular frequency and v o

: the phase A photodlode detector is’ used to sample the interferogram at.

, _'”'a pomt in the hologram plane (x,y). An a.c. ‘photocurrent will be produced
]-fas the two frequencles modulate, such that 1 _(E + E,) wh1ch will be tune

';Vaveraged over the ﬁmte detector bandw1dth Sv. This bandmdth is chosenf.'_*
~such that; . &v > (Ao, - Acoz)but8v<<m ‘ e

~ The photocurrent is given by, ..
i EaEy <cosl(A0 - A0t + V- Wl > (40)

* and hence the phase (y, - ) of the a.c. photocurrent generated at =y
‘e'ciuals the phase of the interferogram at this position. The photodetector'
output can then in principle be calibrated to yield ~ displacement
- information-. directly when coupled to an electronic phase meter. The
detector can be moved across the interferogram or an array of detectors
can be sampled, depending on speed and spatial resolution requirements.

Phase values are unaffected by stationary noise or local variations in
fringe contrast, data ambiguity is removed and the rerha_ining fringe
analysis process greatly simplified. Accuracy of fringe determination can |
be as high as 171000 of a cycle (w/500). Drawbaeks include; cost, detector
: baridwid_.th and spatial resolution. Furthermore, it is not possible to use a
conventional TV camera and video interface as the value of 8v would be
. too low. Typical values of (Aw, - Aw,) are in the order of 5- 100 KHz, 3
| whereas a telewsmn camera operates at a field rate of 50 Haz.
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o ,.5714 Digl_t_glms_o_rmﬁ e T e

_":," If the. frmge pattem under 1nvest1gat10n has‘a certam spat1a1 symmetry,‘ S
- eg. as in the case of speckle photography where sets of stralght, parallell o

'fnnges of a cos? intensity - profile are formed it 1s possuble to. extract' .

“ .fnnge gpaclngs on a spat1a1 frequency basw

It is sometlmes necessary to aPPIY ‘tﬂt‘ tO the frmge pattern in order t°

o prowde the necessary Symmetry for spatlal frequency analyms 80 that_-'f-'

o Phase may be determmed Assummg ‘such an 1ntens1ty dlstnbutwn g(x,y)x.-f'_’\-f"

in the frlnge pattern, 1t can be shown that
o e )+ St =

where a(x y) is a- function representing the background d.c.) intensity, £
is the fringe spatial frequency and C(x,y) is a function mcorporatmg the
-' amphtude and phase of the fringe pattern as: ' |

) s Gy G @y

" This component represents the information carrier, ie. the term containing
" the phase description. It is assumed that the fringe function is one

'dimensi'onal that the fringes are vertical and parallel, then a digital
Fourier transform (DET) apphed in the x direction only will produce a
'result of the form

G(Ey) = AGy) + CEEY) @

where f ig the spatial frequency in the x direction. The second term in the
right-hand side of the equation (49) involving C(f+f,,y) can be extracted
from_the transformed image by masking of the coefficients in the power
' spectrum (using a suitable filter mask' centred on f,). If this is then d.c. .
shifted “to - the origin and the  inverse transform apphed ‘an image
mvolvmg only c(x,y) will result, ie. that of equation (48), :
: ThlS image may be reduced to a phase descnptmn uf(x,y) plxel for plxel by_ o
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-~ applying s | e ot L

 vxy) = tan? i (t:(x,y)) / Re_('é(x,y)jl_' e

L Where Re and Im are the real and 1mag1nary parts of the complex
: -'-':"";_-""{jfuncmon ¢(x,y). This approach has the advantage that it requires only one -
o ."_'f_mterferogram to -produce phase mformatlon Its mam advantages include "

' :'_n01se sens1t1v1ty, the requlrement for tllt (thch 1s not always feas1ble), _' _-:

and the computatlonally 1ntens1ve apphcatlon of d1g1tal transforms This o

s _last feature ig- becommg less of a- problem wrth hlgh speed dlgltal_'- o

o B _7 " hardware now avaﬂable wh1ch prowdes ngltal Fourier transformr, N
SRR 'capabﬂlty on g custom bmlt chlp Huntley [46] has successfully exa,mmed,-”;_-f- -

both Founer and Walsh transforms apphed to ESPI

s The Qua51-Heterodyne or phase steppmg method is well establrshed in the b
ﬁelds of holographxc and speckle mterferometry The techmque 1nvolves

similar prlnmples to phase heterodymng, but allows the “use of a TV

‘camera and video frame store as a recordmg ‘medium. This makes the
~ instrumentation much simpler and allows direct interfacing to a computer
image processing system., Several discrete increments in the -phase of one
of the interferometer beams shifts the position of the fringes, producing a
set of valu_es of intensity at each point I(x,y). These are effectively
sampled versions of the heterodyne a.c. signal change.

In its usual implementation, the phase is stepped using a piezo translator
. or electro-optic cell by 2n/k in (k-1) eqiial steps where k is an integer. 1t
. is normal practice .to .restrict the value. of k to '3, 4 or even_ b as a
compromise between accuracy of determination of the phase ¢(x,y) and
protracted computational effort. The choice of k=3 is most usual, although
other variations have mcluded unequal phase steps and continuous rather

than discrete shifts in phase. Nakadate [47], Creath [48] and Robinson

[49] have all demonstrated teohmques baged upon the measurement of_' the |
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. dlﬁ'erence of phase The approach taken here was to measure the phase of L
" the dlﬁ'erence, reqmnng the phase stepping of fnnge patterns whlch: :
- requires, for two - steps, only three mterference fringe - maps, compared'
: ~ with six 1mages for their approach Whilst requiring fewer 1mages, it also
o - has the added advantage of xmproved use of the framestore resolutmn
B IOngmally reported by Kerr and Tyrer [50] ' L

'.'_;;-:.Mathematieally,' ,i,t' can'be 'illil'"strated that fdr the two step | rhethod (k.-3);‘
- .w1th a shift of Aq: 21t/3 the Founer senes coeﬂiments ax(X,y) and Bl(x,y)" -. _
_are given by, S T TR EEE R

o) = Doy Ty (63) cos@aNA) ey
1(x,y) .-.'EN_U‘ IN (x, ) sm(2nN/k) e (62) S

where N is the image number and Ix(x,y) is the intensity ‘(g'ray' level) of a
__ pixel located at (xy) in image N. A solution for the phase is then;=_-_ R '

9y) = tan * B,(5y) / o) B )
A solution .for' phas’e'ir‘i:termsef pixel gray level is;
oxy) = tan * (B / @LLLY (69

Three images are required to evaluate the phase map ¢(x,y) of a test
gurface image pixel for pixel. If images are digitised at a spatial
resolution of 256 x 256 pixels it is then necessary to process 196,608

. pieces of information with arithmetic and 'trigonometric calculations, This
process must be repeated (in the case of dlsplacement measurement) after
deformation of the test surface and a dlfference obtained between the two -

* resultant phase maps.  This dlffermg process yields the surface
d13p1acement in terms of phase and i8 usually obtained by subtractmg the
© . values of the phase maps.

1‘ *As ongma]ly pmposed in SERC grant apphcetmn GIUD124647 September 1984 !‘I
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' *—':'::'*Even with the use of arctangent look-up tables the total processmg t1me {1"1_‘:'-

involving . 2" operatmns of equatlon (54), can be in the order of mmutes," .

~ particularly in the case - of the 4 step (k—5) approach Environmental

sens1t1v1ty of' the techmque mcreases w1th k to such an extent that large

S '_: errors in Iy (xy) due to dnft can occur m all but the most carefully_';_

e s controlled condltlons L g o

- Phase steppmg was’ 1dent1ﬁed as the most appropnate frmge processmg}
SR techmque to undertaken ESPI fnnge pattern analysus L o

572 The Developiiciit of a Phase Stepping Agroach for ESPL

Procurement of a suitable image processing system was initially delayed
~-when problems became apparent with the Trappix system. Poor sampling
at the analogue input stage and various software faults eventually meant

that this system had to be re_]ected and the procurement process repeated, -

| Before taking dehvery of the new system from Kontron Bildanalyse, work
contmued_ on a smaller system base around a DEC pdp 11.23
" microcomputer. The INTELLECT 100 system Was here for the initial
software development and testmg, the work" being contmued on the
Kontron system after trials, soﬂ:ware mod:ﬁcatmn and system tumng

This work concentrated on the digital phase stepping approach described .
in Section 5.7.1.5. This method best suited the ESPI application and
offered potential solutions to the problems described in 5.7. In order to
investigate - possible ways of applying this' method to ESPI fringe
* processing, a toolkit of compnte_r algorithms: tvas produced to simulate
easily interpretable sets of raw data and the corresponding processed
results. Variation of certain parameters of the data enabled the iPeTfects' of
- noise, fringe modulatlon depth (v131b111ty) and phase step errors to be

exaxmned
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-Included in thls work was the bmldmg of the ESPI rlg (Frgure &9) whlch:_;— -
 eventually only utlhsed a mirror mounted on a piezo-electric crystal PZT)

. in ‘the reference beam  path to ‘achieve the - phase - steppmg An
_'asynchronous 1nput/output dev1ce (UART) was des1gned and bmlt to allow .

S : ; control of the PZT mirror by the _computer. software. The mirror was pre- .
-_v__--:j__r_.-;-cahbrated in” a Mlchelson mterferometer by frmge countmg and L

o mterpolatmn to estabhsh the PZT voltage versus phase response

Imt1al tests of the phase steppmg algonthm consmted of processmg a'-_'?":

:' :senes of ‘computer generated sine wave patterns 1n order to produce a
' --f-i_phase map at  256x256 pixel resolutmn Because of the one d1mensmnal o

e cyclic nature of the data, results could be easﬂy predlcted and mterpreted

It was durmg this stage that the idea of processmg speckle fnnges rather
than raw 1nterferograms was developed and shown to- be feasible. This -
novel "phase of differences™ approach was to become the cornerstone of
- the fringe analysns process One advantage of. th1s approach was ‘the
_ ab111ty to observe the quallty of the frlnge patterns pnor to processmg |

) The' next stage involved- the investigation of the 'eﬁ“ects of low modulation

~and reduced SNR on the phase maps, choosmg various plxel wavelength
' values to test the consequences of under-samplmg ‘The final stage was to N
repeat the above processes for actual ESPI frmge data obtained from the
breadboard ng and to measure and compare gray level modulatlon for
gmall phase dlsplacements at various points in the processmg chain.

 Modulation of signals from the TV camera were compared with those
levels obtained after passing through the ESPI rectifier, the modulation
being measured on a line for line basis such that the average 1ntens1ty
(gray level) value for a line of n p1xels was glven by, e

a3 |L-@+D, S - (55)

=l - o ‘ . :
where 1, is the gray level of thel"h 'pixel'and (I1+81) is the gray level of the

i* pixel after a small phase step | T S

}Wm |
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S The work carned out h1gh11ghted the need for maJor rmprovements in- the
ESPI processmg electromcs 1n order to enable the phase steppmg b
'_approach to function to - full advantage More speclﬁcally, four main
: problems were ev1dent

. 1 Dlgltrsed output from the store or 'I‘V camera had a greatly reduced

gray scale range sometunes as low as 33% of the avallable levels

2 Modulatlon depth produced by phase steppmg was. much lower when' |
measured dlrect from the TV camera 1mages than after rectlﬁcatnon m'

the ESPI store, showmg the need for extra V1deo pre-processmg

e | 3 Ex1st1ng eqmpment did - not. produce TV S1gnal mformahon to CCIRf .

standards with black levels below 0 volts and no proper- clamps Wlute_ )

N v1deo levels varied from below 0.7 to over 10 volts dependmg on the = |

‘store and camera combination. Black and Wh1te level chppmg of the
TV signal by the 1mage processor 1nput stage was thus degradmg the*'
- data.

_-_4 V1deo S1gnals d1g1t1sed by the 1mage processor contamed frequency

~bandwidths in excess of 8 MHz. Experiments have shown that _
' essentlal speckle data are contamed at v1deo frequencies of 1 5 MHz. 7
'The image processor 1nput Analogue to D1g1ta1 Converter (ADC) should-i
have a sample rate _and response linearity in excess of 20 MHz to'
prevent aliasing. The use of anti-aliasing filters by some manufacturers
may reduce the full bandwidth of the ADC to undesuably low levels '
The use of a phase-locked loop is advantageous to insure that video
synchronisation prevents pixel mis-match or lost data.

Effort was then diverted into improving the ESPI electronics and building
and testing a video pre-processor unit, described earlier. The main

‘advantages of the phase steppmg approach have - been demonstrated in

that;
- "An inherently less noisy image results |
- Areas of low modulation may be 1dent1ﬁed and removed
. 'D1sp1acement direction is unamblguous
Resolution of around 1/25th of a fringe is possible.
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. Nakadate and Salto [47] used a four step phase of dlﬂ:'erence approach and3":'_"j o
. ~ identified the senS1t1v1ty of the phase stepping technique to. the 1nherent o

| Speckle noise. The Spatlal frequency d1stnbut10n ofa speckle pattern and the -

'fnnge pattern density can lead to an overlap between nmse and signal. ThlS 5 o

makes the ﬁ'mge extreme (minima or. max1ma) hard:to locate in'two ' .
_ h?'_.j_j_' d1mens10na1 space. Nakadate pr0posed a correctlon ﬁlter wh1ch could be of
R _.asslstance espemally at’ the phase boundarles where the techmque is most -
o _':'-'sens1tlve The results of the snnulatlon work by Kerr and Tyrer [72] led to_i-_'-_-‘- S

o the des1gn of the new generatlon of pre processmg electromcs, see Appendlx* - :T'_. -

| 4 The 1mproved modulatmn depth (seen in Fig A4 5 for example) enabled_' '_ ._
o | less severe dlgltal ﬁltermg to be used The Judlcmus use of convolutlon ﬁlters - . _,'

o _'can increase the s1gnal to noise ratlo wlulst nummlsmg the reductlon to

= fringe quahty. Nakadate and Salto, for example, require eight iterations of

an 11 x 11 median ﬁlter, the results shown in Plate 19 required three pa'sses
ofabx 5 filter. ‘A more deta1led analy51s of the noise terms, 1nclud1ng the o
~use of a Fourier transform ﬁlter method can be found in Kerr, Mendoza a:nd o
| Tyrer [73]. This Work further helped in the reﬁnement of the pre-processmg .

,electromcs by West

- _The phase stepped results detalled have been analysed wrthout requmng S
- additional processing, such as the lack of data arising from shadows, holes,

ete. T_he component under test was windowed with a user defined mask, the

~ computer programme started at the upper left. corner of the window and
integrated the grey levels along a video line to establish displacement. The
determination of numerical data from interferometric ﬁinge patterns hasbeen
the responsibility of Kerr (for example, as contamed in [50]), at
. Loughborough '

The fringe processmg routmes used in thls study have valzdated the 1mt1al
ob,;ectlve of extractmg numerical data from ESPI fnnge patterns in an
' unambIguous fashion without - operator 1nterventlon and ' have been

, extenswely stud1ed by Kerr.
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'r_:_rrResults presented from th1s work are ‘seen - 1n Plates 19- 23 Plate 19

_' _demonstrates the  three . 1n1t1a1 images used to produce ‘the computed:j' :

1mage The component was a cantﬂever metal beam which was displaced |
by means of a dlfferentlal mmrometer Plate 20 shows the isometric. plot -

E -~ of this dlsplacement ’l‘o demonstrate the ablhty of the system to handle )

| {_ 7- --unkown data, the beam was 1n1t1ally dlsplaced toward the camera (Plate;-_.
= 21.1) and the system reset before the beam ‘was dlSplaced away from the
. '.;-__.-camera (Plate 21.2). No additional information was g1ven to the computer____- _

o 'Prlor to the pnntlng of the 11ne proﬁles The dotted outlme on the PrOﬁles o
“is the expected theoretical position.: Plate 22 shows a torsmn plate used to_'_. _:
- determine the fuller operation_of the system. Plate 23 shows the data,
L if.'rresults and 1sometrzc plot hlghhghtmg the thsted aSPeCt Of the plate i
L under a 50gm Ioad

The phase steppmg of ESPI fringe patterns enables both static and

| v1brat1on results to be processed The techmque rehes on fnnge patterns =

of a consistent optical function which is problematlc 1f |t1me averaged -

_' frmge patterns are used. It is capable of Workmg on the data generated o

by pulsed or strobed laser systems and is thus appropnate to the needs of.' o
' double pulsed ESPI. : _ o EE
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Plate 19. Three Phase Stepped Fringe Patterns and the
Computed Result
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Plate 20. Isometric Wire Mesh Plot of the Results from Plate 19.
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Plate 21.1 Displacement Toward the Camera

Plate 21.2 Displacement Away from the Camera
Plate 21. Cantilever beam analysis showing unambiguous analysis of
displacement. Line profiles of numerical data are given

under the phase images.

148



Plate 22. Torsion Plate Used

Plate 23. Automatic Fringe Analysis of Torsion Plate,
Showing Raw Data, Filtered Plot, Computed Image and Isometric Plot
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5.8 Conclusions =2

This chapter has shown that correlation interferometry provides
displacement fringe pattern data which is in a form more suitable to
engineers than is holographic interferometry. The optics and electronics
received considerable research and design effort in order to configure
them to a form suitable for manufacturers and in order to present high
contrast fringe patterns. Automatic data interpretation using computer
based image processing was evolved to handle the different forms of

interferometric fringe patterns. The conclusions are summarised below.

Strobing removed the intensity variation which makes the technique
more amenable for data analysis provided that phase ambiguity is
removed and the zero order detected.

Strobing and phase shifting removed the data ambiguity. The mark
space ratio of the illumination period was important to the fringe
function.

Prefiltering of the signal made better use of the framestore and
rendered improved fringe contrast with fringes of the cosine® form.
Daylight immunity was necessary and could be produced by bandpass
filtering of the speckle frequency in the region of 1.5-5 MHz. The
combination of daylight immunity and image processing upon a half
slot, plug-in board, enabled high quality fringes to be produced using
an IBM compatible computer. This used a commercially available
digital framestore with no modification to store or computer.

The presentation of ESPI vibration fringe patterns could be improved
to near holographic quality fringes, using integration of multiple
images by the speckle decorrelation technique. Results have been
obtained with fringewidths of only five pixels.

The understanding of some of the end user requirements and the
problems of manufacture enabled a prototype instrument specification
to be produced.

The production of a prototype optical instrument aided in attracting
potential licensees.

150



The need for high quality, compact optical arrangements led .to the
production of the novel kinematic mirror mounts. The technique of
vertical manipulation was successfully transferred to other optical
devices.

The confidence generated by successful commercial manufacture of
ESPI led to the growth of industrial wutilisation of such
instrumentation which then provided further direction for the
technology. This concentrated on the need for three dimensional
analysis, computerised fringe pattern analysis and pulsed laser ESPIL.
The ability of ESPI to map three dimensional surface displacements or
amplitude vectors of suitable density and quality has been reported.
Here the combined in plane analyses are unique in their ability to
show, in real time, the distribution of sub micron displacement mode
patterns.

The introduction of computerised fringe processing was accomplished in
a complementary fashion to the interferometric equipment.

The approach taken necessitated an understanding of the equipment
and techniques available but also took the end user and double pulse
ESPI requirements into account. The requirement at every stage was
to derive data in a useful and unambiguous form.

An analysis of potential fringe processing approaches revealed phase
stepping to be suitable. It handled the data quality, was sufficiently
robust in handling the experimental fringe pattern intensity and
contrast variations, was capable of operating without additional
prompting and could automatically output meaningful information.
Sub-fringe interpolation has been achieved to a level of better than 4%
accuracy.

With these stages in place, the evolution of suitable complementary
double pulsed equipment was considered to be the final requirement.
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CHAPTER 6 &
DOUBLE PULSED SPECKLE PATTERN INTERFEROMETRY

6.0 Introduction

The development of suitable double pulsed ESPI equipment was one of
the final goals of this project. The preceding chapters have highlighted:
the useful engineering data that can be obtained by interferometry, the
ability for double pulsed holography to be used at an industrial location,
and that ESPI could be made into suitable instrumentation which could

be used to produce meaningful quantitative data.

The combination of double pulsed ruby lasers with ESPI had been
demonstrated by Cookson, Butters and Pollard [51] in 1978 using
analogue electronics. Some equipment had been supplied to Praeter at
City University in London, who undertakes in-plane strain analysis on
rotating components [52].

The performance of the Cookson equipment had been limited by the ruby
laser used at that time. This was modified considerably in the early part
of this project to provide a more controllable and stable laser (see Section
A1.5). The initial work concentrated on out-of-plane studies, which were
considered to place the tightest constraints of beam pointing @nd laser
stability. =~ The first part of the work attempted to combine digital
framestores of limited band width (6 bit) to pulsed ESPI.
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6.1 Image Recording Mechanism =

The pulse separation is usually half the period of oscillation (1) under
study. Typically this will vary between 50 ps to 5 ms (10 KHz - 100 Hz)
which is shorter than the television frame period 20 ms. However, the
persistence of the imaging tube of the television camera can be used to
store and add the two speckle interferograms, before transmission  to
the processing electronics. The triggering of the laser coincident with the
displacement required will activate the camera as shown in Figure 6.1.

/\/\ /\/\ STRUCTURE RESPONSE

LASER FIRING, TRIGGERED TO COINCIDE WITH
THE PEAKS OF DISPLACEMENT,(THIS CAN
BE MODIFIED)

THE T.V. CAMERA IS BLANKED PRIOR TO
LASER FIRING AND IS ADDRESSED AFTER

. THE TWO LASER PULSES WHEN ONLY
COMBINED IMAGE IS READ FROM THE
IMAGING TUBE AND STORED DIGITALLY

Figure 6.1
Double Pulsed ESPI Operation
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The camera field coils are switched off, the first laser pulse is
synchronised with the object motion as described in Figure 4.6. Any laser
pulse build up times (typically 1 ms) can be accommodated by the first
variable delay such that the laser fires on the peak of displacement of the
next oscillation. The pulse separation is determined by the period of the
object oscillation but for maximum displacement this is 1/2 and is
controlled by the second variable delay. Immediately after the second
pulse the camera field coils are switched on and the combined
interferogram read off the faceplate of the imaging tube. Thus correlation
fringes with lines of equal phase change will be produced, these will be
addition fringes from the surface displacement of a form given in Section
A2.3.2.

The image is then filtered, digitised and stored within a digital
framestore. = With this type of operation there is no need for the
subtraction system, although it can be used to subtract the background
optical noise if stored into a second framestore which is then subtracted
from the interferogram to enhance the overall fringe quality.

Alternatively, after the first pulse the frame is read into one framestore,
20 to 1000ms later the second pulse is fired and the next frame is stored
in.a second framestore. Subtraction of these frames gives higher contrast
subtraction correlation fringes than those obtained by addition, see
equations A2(17) and A2(20). The minimum time delay in this cdse is set

by the time taken to scan one frame in a chalnicon type tube.

As with stroboscopic ESPI, if the displacement is in excess of 30 fringes
then undersampling of the displacement can be used to reduce the fringe
numbers. Thus extrapolation to the maxima can be achieved knowing the
function of the excitation and the amount of under-sampling, determined
by the reduced pulse separation. For pulse separations of between 10
ps - 1 ms, two pulses can be extracted from a single fluorescent pulse of
the ruby rod by double pulsing the @ switch. The shortest interval
between pulses is determined by the drive electronics to the Pockel cell
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and the build up of sufficient energy within the ruby rod. The longest
interval between pulses is determined by the fluorescent period of the
ruby which is typically 1.5 ms depending upon the flashlamp type used.

62 D le Pul ESPI wi Laser

With double pulsed holography the recording medium, usually silver
halide, is very forgiving in terms of the relative intensity of the two
pulses. Hence a successful hologram can be produced even when the pulse
intensities are not equal. With ESPI however, the television camera is
usually operating at the maximum tube gain and any addition variation
will overload the framestores and produce no result. This places a
constraint upon the quality of the ruby laser pulses. Due to the inherent
inefficiency of the ruby laser, heating occurs within the ruby rods during
each operation of the laser. This heating affects the laser pulse and
therefore stabilisation of the laser prior to each firing is required.
Consequently, instead of the laser repetition rate being better than 10 per
minute, it is reduced to 1 per minute, this is unacceptable for on-site

analysis.

The arrangement used is derived from Figure 4.2, hence in Figure 6.2 the
reference beam is again removed from the oscillator beam prior to
amplification. Path length compensation was achieved using dielectric
coated mirrors and an optical rail. To reduce the noise content in the
reference beam, spatial filtering with a diamond pinhole was used. The
energy density was sufficient to damage the adhesive used in microscope
objective lenses, therefore simple short focal length lenses were used. The
first result of the system is shown in Plate 24, here a vibrating metal
disc is used as the target.
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Figure 6.2

Optical Arrangement for Double Pulsed ESPI

using a Ruby Laser
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Plate 24.
First Pulsed ESPI Result of Vibrating Metal Disc

— -

Modifications to the camera control unit included a facility which enabled
the scan coils to be activated immediately after the second laser pulse,
the image could then be selected from the next ten frames from the
camera. It was found that the fourth frame from the camera contained
the best fringe contrast. The arrangement used a simple imaging lens
such that the reference beam expansion lens could be conjugate with the
imaging lens. This meant that the two images appearing on the faceplate
of the camera appeared to be derived from the same source. Focussing
was accomplished by moving the camera on its slotted baseplate, the
camera could then be locked in position.
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" A JD Jackson camera was used w:th ‘a Toshlba chalmcon t{ube,
'__‘chalmcon was chosen for its hxgh sens1t1wty at 694 nm, the ruby laser o

R wavelength Figure 6. 3 shows the performance of chalnicon and vidicon-

 tubes agamst 1llum1natlon wavelength To av01d Newton’s nngs on the S

e faceplate of the unagmg tube a 1° wedge was cemented onto 1t

i Studles were’ undertaken to determme methods for mcreased thermallf,’ﬂ '7

. 'energy extractlon 1nvolvmg rede&ngn of the ooolmg c1rcu1t of the osolllator

o ;and amphﬁers, 1ncreased coohng capac1ty and . alternatwe coollng med1a';_'
o 7D1scuss1ons with’ JK Lasers concermng the. ﬂutmg of the rods to increage . -
- the energy- extracmon from the ruby suggested thJS would preJudlce the o

| ____"-ﬂashlamp couplmg and the resultant laser mode structure i T

Wl.lllst-' this 'demonstrated the potential of pulsed ESPI as an investigative | '_
tool, the associated laser problems suggested the need for an alternative
laser type - Alexandrite (an Allied Corporation manufactured crystal) is
still as yet in the research phase and is not commermally available. YLF

“has been very difficult to manufacture and very limited numbers of lasers _. -

- have been. built, conﬁdence is very low for an 1mprovement of supply The : o

. only other solid state pulsed laser avallable is the Neodynnum Yttnum o

Alummum Garnet based laser (Nd YAG)
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_The need for on s1te or m-sltu 1nspect10n has been 1dent1ﬁed and the o

"':'potentlal for| invasive - - real time measurement. is considerable. The use

i of mby lasers m combmatlon thh ESPI proved a useful demonstratron S
o but- could not be cons1dered a total solutlon This" reahsatlon drove-;--

o forward a search for. alternatwe pulsed lasers whlch would be suitable. It i

was therefore necessary that a speclﬁcatlon for such a system be drawn," o

B :__up The key pomts 1dent1ﬁed Were that the system should

o be portable and self contamed L :.; R e i Vo
« have a lngh repetltlon rate lmked to TV frame rates, - B
* be able to work in an underwater environment,
- operate at a Wavelength to match avallable xmagmg |
transducers, and - : , : -
be commerclally manufactured and suppcrted

Imtrally the YAG 1aser was dmcounted due to a wavelength of 1 06 pm, . |

mode quahty, mode repeatab1hty, double pulse lmtatmns and repet1t10n

rates. Discussions with Spectron Lasers and JK Lasers clanﬁed some of

| these pomts but }ughhghted other restnctmns, the final laser speclﬁcatlon
was as follows: o : : :

Pulse repetition rate

- 25 Hz
Mode structure - TEM,
Coherence | - >056m
- Output wavelength | - . 530 nm'_'
Energy per pulse - >20mJ

External triggering and synchronisation.
-~ Double pulse 'Operation.-'

The YAG laser has usually been commermally avaﬂable principally for

' matenal processmg where it is used at 1.06 pm, The Neodymlum (Nd)

doping of the Yttnum Aluminium oxide crystal (Y3A15012) with - '—
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SO "concentratlons of between 0 5 and 2, 0% produce the hlghest output powers__
- of any four Ievel material. The crystal will emit m three groups centred .

._ around 0.914, 1.06 and 135 um respectwely the 1 06 pm group being

i _--.,_-:'the easiest to exc1te Nd d0p1ng of glass will also: produce 1.06 ym

~output, it is easwr to make large glass rods and Nd glass is preferred forf': ;
- lasers whose mam purpose is to delwer large bursts of energy "The maJor

: -'dlsadvantage of glaes is 1ts lower relatlve thermal conductlwty compared

'Ifi with YAG which: 1mposee hn:utatxon on contmuous and hlgh repetltlon -

e ._'_.:V_'apphcatuon Furthermore “the lme Vw1dth of the output 1s very mde,r f,_f

o therefore only a very short coherence leng'th 18 avaﬂable

" The NA.YAG laser is 1nherent1y much more Optlcally efﬁclent typ1cally (2_-?"

e to 3%) compared Wlth the ruby laser (0.5%), Whlch means that it can -

operate using much smaller power supplies and at higher frequenmes {up )
to continuous operation). The laser output is not affected by the |
_ operating ' frequency once thermal equilibrium has been achieved. Thus -

‘with lower input energy requlrements and better thermal conduct:mty, the

" YAG can be successfully operated at 50 Hz, w1th no thermal or energy-
| assomated degradatlon of the laser output

Mode control can be achieved in the e'ame way as with ruby lasers (see |
" -Section A1;8)'with_Fabry—Perot etalons and pinholes for mode selection.

The pulse duration with Q switched operation is 12-20 nsec as Compared
“to 20-30 nsec for ruby. With fixed Q operation the pulse duration is
+ approximately 0.2 msec compared to 1 msec with ruby. Therefore the
maximum pulse separation is reduced by one-ﬁfth‘of the ruby equivalent.

The Nd.YAG crystal takes much longer to grow than ruby, therefore it is
con31derably more expensive and difficult to get rods longer than 200 mm. |
The hlgh gain characteristics of YAG also means it is hrmted in the
amount of energy which can be stored in the rod when @ switching, This
is ‘because the fluorescent decay rate increases due to amplifications.
Thus the rod is limited to half a Joule of stored emergy compared to -
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o several Joules for ruby and therefore 150 mJ is the mammum a\zallable_'.ir':" '_
~ for a. Q ewrtched oscﬂlator To operate in 'I‘EMO0 mode reduces tlus Lo
: output by a. factor of 10, a fl.rrther reduction (50%) will be mtroduced wrth' :

| .the hne narrowmg etalons and therefore amphﬁcatron is necessary

| Camera selectron t0 match the fundamental 1 06 pm wavelength lmnts '-i.?':
- the choice to- extended red senmtwe V1d1cons, 8see. Fxgure 6.4. Companng S

- _'_'j."-_"_:_:-5-,-}_'sens1t1v1ty of the super chalmcon at 0.69. pm and the extended vidicon at e
106 n shows a reductlon from 0.60 A/W t0 0.015 A/W (a reductlon of 40)

' ‘I‘herefore 1t waa necessary to conS1der secondary harmomc generatxon of - -

.".,-the laser frequency and by usmg a potassmm dlhydrogen pho.sphate

. '::-;; (KDP)- crystal, - conversmn efﬁclenmes of bétween 20 --50% have been- -

i”'poes1b1e Thus: 053 pm radlatmn (green) and 1.06 pm are the combmed
o 'output_ wavelengths fro_m the laser. The design of the laser chassis
enables the fundamental Wavelengths to be filtered ou_t allowing all
~ conventional television camera tubes to be used. ‘The original extended |
‘red sensitive chalnicon was used for both systems, the gain of 40 for the

~ camera sensitivity (0.5 A/W) was at the cost of 50% laser output reductlon o

and ‘the KDP crystal

Water has a transmission. window at 530 nm which will ensble such
equipment to operate underwater. The debris in the water generates Mie
scattering and -reflected backscatter from- suspended particles. It is
possible by gating the camera to record the two returned waveffonis and
amplification can be achieved (f required) by an image intensifier. An
experiment was undertaken to test a gated and intensified television
camera manufactured by Osprey within an ESPI system, The results were
satisfactory, however, the cost at greater ‘than £20K prohibited purchase
and preliminary tésts were only carried out on a camera loaned by CEGB
Marchwood laboratories.

_The desired lager operating frequency is determined by the television

system, 50Hz for UK and Europe, 60Hz for the U.S.A. Unfortunately, the -

1mt1al lasers could not operate. above 25Hz Therefore those lasers were =
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synchromsed to record every second ﬁeld ’I‘hls reduced fnnge qontrast;
because of the. 2: 1 mterlace used- W1th v1deo equipment - and produced a. o
televlsmn plcture whose regolution was only 256 x 512. When operated in

a non-mterlaced mode W1th 50Hz operatmg lasers, the resolutmn was. -

mcreased
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- As described pre\?iously; it is' necessary to trigger the laser -from the
' component under- test and ‘with reference to- Flgure 4.6, the overallr,"

o system can be_ descnbed Smce ‘the laser and. camera are synchromsed __ o
- _together their tnggenng s1gna1 is. taken from the sensor Three pulses__w_\:,s_i_z

£ are necessary one to tngger the laser, the second for the camera control

e the thlrd to actlvate the framestores, as shown m Flgure 6 5

L If the component is not belng studled under self-excltatlon 1t is. necessary',_ '

to prov1de the requ151te mput to the structure F.tgure 6. 6 shows 'yarious -

. methods of excltatxon W1th e1ther electro-dynamlc or plezoelectnc : 'f'}f':

' transducers. A further output can be taken to the phase steppmg optics
within the interferometer to enable automated analysis of the data (see
Section 5.7.2). If the component is rotating,' the image of the component
can be rendered statmnary using an 1mage -derotator, This : ""approaclri is
_' different to that of Praeter [52], who rehes on subsequent position -

.:correlatmn of a rotatmg object - to provxde m—plane studies. With a
- derotator. the normal three vectors. of displacement can still be studied.

Using Praeters method only 1n-p1ane measurements are taken " The
output from the surface mounted accelerometer is used in the same Way:

 as prevmusly, see Flgure 6 5.
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632 Yot 1 e _. .

Fig'ure. 6.7 shows the genere.l aii"rangement of the laser, optics and (I:an:ie.ra' -
< . The results obtamed from such eqmpment are shown in Plate 25 which
e also mcludes the expenmental prototype used to obtaln these results T

/’ // ,/ /’

“FREQUENCY DOUBLED
" Nd YAG LASER: -

/ "N REF.BEAM
® Tvioeo
T ~1 CAMERA

ST

CAMERA - -
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LASER POWER
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-MIRRORS COATED TO REFLECT AT 530 nm
BEAM SPLITTING WEDGE :
PATH LENGTH COMPENSATION LEG
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Flgure 6.7 : o
Expenmental Optlcs Head Used for Double Pulsed ESPI
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Plate 25.
Series of Results Demonstrating Animation of Object

Movement Using Prototype Spectron Laser
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6.3.3 Electronic Control and Image Processing

From Figure 6.8, the output from surface sensor is processed to produce
the requisite trigger for the first pulse generator. This initiates the laser
and provides the triggering of the second pulse generator which can delay
the sensor pulse until the laser has operated when it energises the
camera field coils, etc. Once the video image is available the third pulse
will initiate the framestores.

The subtraction mode can be used either to remove the background
optical noise or, if the pulse separation is longer than 40 msec, two
framestores can be used in conjunction with conventional proce;ssiﬁg, see
Figure 6.9. Initially this was achieved using two modified FOR-A
framestores and more recently with a multi-page IS100 framestore in a
Victor 286 microcomputer. This second system is shown in Plate 26. The
system combines all necessary optics, laser and CCD television camera in
one self-contained module. The object illumination can also be phase
stepped to provide the necessary images for the automatic fringe analysis

system.
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Image Processing Arrangement for Double Pulsed ESPI
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Plate 26.
Lumonics Double Pulsed Frequency Doubled
Nd.YAG Laser Based ESPI System
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6.4 Computer Based Fringe Pattern Analysis of

nterf m

Three fringe patterns produced by the Lumonics Nd.YAG laser were
successfully phase stepped by 120° to provide the requisite data set for
the fringe pattern analysis equipment. A result from the vibrating,
clamped metal plate is shown in Plate 27. The laser was synchronised
with the oscillator whilst the reference beam was phase stepped twice in
/3 increments, at the television frame rate. Three successive frames from

the television camera were used for the image processor.

Plate 27.
Phase Stepped Double Pulsed Nd.YAG Results
of a 150mm Square Metal Plate Vibrating at 3.4kHz
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The constramt govermng the maximum and minimum penod between the

| two lager pulses is the ﬂuorescence penod of the exclted specaes ‘within®

“the . Iaser crystal Ruby has a longer maxrmum pulse separatlon at_ »

| ==1msec, Whllst YAG is_ ~250 ‘psec. Twm ﬂashlamp exmtatmn of the
: : crystal has been successfully ‘used “as has twin’ excltataon of' a single . o
5. Vﬂashlamp Ad_]ustment of the mterval between pulses W111 in all cases, L

produce a change in relatlve pulse energles Th1s is due to the vanatmn_ L

"":5.-:”of Q smtch delays and pockel cell dnver voltages "Nd. YAG can operate A

:__w1th hrgher optlcal converslon eﬁiclency than ruby, enablmg higher

R o repetrtmn rates, although operatlon beyond 25Hz was t00 demandmg for_"'-""' E

o _tthe currently avaﬂable Lumomcs double pulse pockel cell driver systems

" The high frequency operatlonal mstabﬂ1t1es of the pockel cell result in
vanable pulse to pulse energy and degraded laser beam pomtlng The

L problem of beam pomtmg manifests itself as arbitrary ﬁmges seen across'
-~ the whole ob_]ect frmge pattern or as fnnge pattern dnﬁ: ' ' |

: Conventional accele'ro'rneter based vibration analysis" relies upon time
' varymg velomty changes, thus providing information which is. temporally
continuous, but spatlally discontinuous. Double pulsed ESPI on the other
hand, provides . data which is spatially -continuous but temporally
- _contiguous. - A requirement therefore exists for a device which combines
both continuous temporal and spatial information. One method of
achieving greater temporal sampling interferometrically is 111ustrated in
Flgure 6.10.

Pulse 1 is synchronized with one peak of displacement, pulse 2 is also
'synchro_ni-zed but an increasing delay between pulses.is introduced. This
could be produced by modifying the arrangement shown in Figure A.3.
Unfortunately,' using conventional double pulsed lasers each successive |
pair of pulses would require re-adjustment of several lager parameters
" whlch would not be practrcally possxble w1th 50Hz operatron -
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i However, thls Would not be the case if two separate lasers were used In
order to do this within an mterferometer, it would require that the. two
_pulsed lasers were comblned such that the output beams appear . to
emanate from a single source Thus each laser is- mdnndually operatmg

as a smgle pulsed laser W1th each being individually synchromzed from :

" time varying. tnggers Consequently, _each laser can be fully optlmlsed for -

"'_'"‘,best 1nd1v1dua1 perf‘ormance and ~ exhibit zmmmal pulse to pulse'.'_'.'_” g

: varlablhty, no matter what the relatlve pulse separatlon is.’

The concept of twm laser 1nterferometry 1s _belreved to be or1gmal the_'-:"_

B --:neceSSIty belng dnven by a need to contmuously vary the pulse separatmn__,_ o
U ;-'—Wlthout need to alter the mdnndual Iaser performance A patent No. .-

8613635 covermg this work was | apphed for in June 1986 whlch
summarised the invention as approprzate by use of separate source_s of
variable phase relationship to generate “the respective pulses at times
" which are not 1nterdependent as is the case where a common source is -

. used" '

Imtlally, tr1als were undertaken which used two separate laser oscﬂlators i
which fed into a common laser amphﬁer see Flgure 6.11. The reasons '

" for this were twofold:-.

@  To ensure 2 common source for the optxcal output of the
laser. | o
- (i) To ensure a consistent wavelength should any frequency shift

exist between the two oscillators.
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i absorbmg gome of‘ the second osclllator energy

.""Unfortunately, the laser dynachs whlch constram the osclllators sumlarlyff_} A

constrain the amphﬁer Thus" havmg energmed the amphﬁer crystal, the .

' ﬁrst laser pulse from osc111ator 1 extracts all the gain available and the'_'"'

_ eystem reverts . back to. a smgle pulse oscﬂlator-amphﬁer arrangement_
- with . a second weaker pulse as a result of the depleted amphﬁer_

: '_Therefore, 1t was necessary to demgn and construct a double osclllator,.'-:_"‘:_--_-'_

double amphﬁer laser --effectwely two. complete lasers sharmg the same A

i .'optlcal chassm, see Fzgure 6.12. Whllst Park et al [53] have suggested the_J.-f'_f-:'

" use of mJectlon seedmg for frequency stab111ty of & smgle oscﬂlator, it is

= suggested here that ‘a" novel approach may be taken by usmg a smgle

'seeder to excite two osclllators, thereby ensurmg 31m11ar1ty This was ‘done.

'to remove the possibility of unwanted - double pulse- contounng (a
consequence of frequency difference). A further advantage of seeding is
that when a narrow band source is used, the system will retain that
- narrow bandwidth, Thus long coherence length of the lasers is aclueved

‘without the need for 1ntracaV1ty etalons and the energy loss (approx 45-
50%) associated with Fabry Perot etalons is no longer suifered To retaln -

~long term thermal stability and the conJugacy of the two lasers, three bar' ‘
invar rail arrangements are used to mount all laser components '

With the release from the constraints imposed by"the ﬂuorescen_ce of a.
single Nd.YAG crystal, a minimum pulse separation of less than 10 nsec
is achievable. The pulse separation needs to be greater than the pulse
duration, so intervals of greater than 10 nsec are used..
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f.‘:"jermsszons present within the oscillator cavity. This rel1es on the seed"-"?r‘r'_
o frequency be1ng w1th1n the bandmdth of the laser cav1ty Consequently."";:'.,'__:':*

- In the sohd state ruby lasers used for the holographJc expenments and " ._

_the initial Nd.YAG ESPI laser, the amplifier is - injected with a line -

| 's-l-'__f'_'___narrowed Q sw1tched pulse from the -oscillator.. . The prmc1pa1 can be
77 extended with 1n3ect10n of the oscﬂlator from a very narrow: hnew1dth
5'"; :fj"beam whllst the Q sw1tch 1s open Rahn [54] put forward pnnclples of
stab111s1ng the mJectlon of a Nd YAG laser, which formed - the basw of the =~ -

seedmg approach taken in thm work InJectlon seedmg reqmres the seed:
""'laser emission to be orders of magmtude more . mtense than the nmse_"l

.the pulse developmg out of the seed signal will saturate the gam medium o
‘and extract the desired energy prlor to any coincidental act1v1ty from any

noise - ‘emission. Thus competitive amplification of noise ennssmn is
1nhlb1ted._ ' - -

_ The free spectral ‘range of the oscillator enables many dlfferent E
- 10ng1tudmal modes to ex1st W1th a frequency spacmg glven by

Av=

2L - ~where - v = Frequency spacing,
c ¢ = Velocity of Light,
L = Optical Path Length _
of the laser resonator. — -

The resonator length is 0.6m

Av = 3x10° = 250 MHz
- 2x0.6 : '

The NA.YAG gain curve is approximately 120 GHz taken at the Full
Width Half Maximum (FWHM) point, and can therefore, support many
competitive modes. As discussed in Appendix 1, various methods for .
suppression of the transverse modes and selection of a longrtudmal mode

exist. Usually spatial filtering with an aperture for transverse modes,
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i '_—'._'_and narrow bandmdth optrcal ﬁltermg for long1tudmal modes are"-"_'-*'__-"f-

- preferred A sem-conductor laser ut111ses a dlfferent electro-optlcalﬁ_ :

“mechanism for photon generatxon ‘than that discussed in Appendix Al8, o

This mechamsm relies upon emlssmns based on the band gap energy..__'_ e

whlch is umquely determmed for a pure senu-conductor ‘at a given

"temperature and pressure W1th premse control of the dlode operatmgf.f'i :

.-:T';i.'i- currents and with temperature stablhsatlon, a very narrow hne width can. .
ﬂ"be co ntmuously achJeved with- average powers >1 mxlhwatt Thm 1s at
least 5 orders of. magmtude greater than the spontaneous ‘noise level

'“‘Wlthln the solid state (Nd. YAG) matenal Usua]ly, | w1th unseeded

s _operatlon, ‘the Opt1cal Buﬂd up T1me dunng Q sthched operatron 1s'

i _-f'typlca]ly 45 nsec, requmng the competltxve generatlon of emission w1th1n

‘that interval. With seeded operation no reliance is made upon the

spontaneous time lag and injection can take place 30 nsec after initiation,
~ reducing the Optical Build-up Time and ensuring total gain removal prior
{0 the noise build-up some 15 nsec later. The energy level associated

- ~ with the 1n;|ected smgle mode will be in the order of 10® t1mes more . -

-mtense than any other longltudmal mode

6.5.2 hing the Seed Laser to the Nd.YA illator

" The seeding diode laser and Nd.YAG oscillator have two separafe chasses
and are consequently independent in frequency control and stability.
Frequency matching of the narrow bandwidth diode laser to the broad
spectrum of line frequencies of the YAG chassis is achieved with aoti{re
control of the YAG cavity length. The rear reflector of the chassis is

'mechamcally translated with a piezo electnc crystal which is controlled_ :

via a feedback loop. Temperature stabilisation of the cooling water
provides some additional control, which although much slower to react
will tune the overall operating frequency of the cavity. The primary
purpos'e of the cooling water is to maintain long term frequency‘ stability.
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- "_The mmunum Q SWItCh bulld-up time of a correctly matched eeed and_:“:-'“':

”osclllator pa1r corresponds with the max:lmum mJectron seeded energy

- output Therefore, the rear piezo “eléctric frequency tu.mng mirror can be

_.-* manipulated with reference to the Q sw1tch bulld-up txme The eventual S
R ‘control 100p employed in: F&gure 6 13, is: taken f‘rom the Spectron Laser-;__:_ -

Contro] Handbook [55]

_:_iTo minimise. the Q swrtch bmld—up tune, the control electromcs develop an no

: - error mgnal usrng ‘the denvatlve of the bu11d-uP t1me Wlth respect to thej_
“ host ca\nty length” (dTb/dL) When the error. ‘signal is minimum, the Q - -
- Sw1tch bulld-up tlme is at 1ts mlmmum value for that host caVlty mode. S

~The error mgnal can be 1ntegrated over a t1me period ‘to produce the---" "

o ‘control voltage for the piezo tumng element. The denvatlve (dTb/dL) is

~ developed by drthenng the cav1ty length and measurmg the change in
‘build-up time. This dither is produced by translating, in an alternating )

- ~fashion, the p1ezo about an average posmon The exact frequency of the -

- pulsed laser is determlned by the cav1ty length, thus it is desuable to_' _
'rmmmlse the dlther to malntam a stable output frequency ' o

The 'fr'eQueney of the seed laser can"be tuned-with temperature and its
output can be tuned to the centre of the host lasers gain curve. This
produces the most effective and stable seedmg and has the: hlghest seeded
output power from the Nd YAG. '
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" The Nd YAG Iaser still - utahses an 1ntracav1ty aperture to: ensure'-,._, T

diffraction limited: performance which requlres the seed laser to- 1nput a

i .colhmated beam of small dzameter Prror to couplmg to the Nd. YAG laser_-'.f"-;
PR . the ledB must be protected from any radlatmn propagatmg back from the

e ii%'._' host laser beam because of the leakmg rear reﬂector The energy levele

avallable could destroy the. seed laser and to decouple the two lasere a -

= Faraday. Isolator ig: used Th1e also . ensures. the seed laser preserves

: frequency stab111ty wrth no opt1ca1 feedback The dlode laser does not have .
o -8 preferentlal polansatmn axis, consequently a half wave plate is ingerted

"~ " between the diode and the Faraday Isolator. The extinction ratio requlred‘

by the Faraday Isolator to protect the seed laser is of the order of 50db.
To ensure this high extinction ratio, the isolator demands temperature. |
- . stabilisation to maintain performance The overall arrangement is shown
'1nF1gure614 ' R

A
Faraday Wave Seed
Isolafor  Plate  laser

1 . IJ'] f

LJ

Sﬁeedng _
Mircors ~ Pumping Pockel
‘ o Mlmor&PZT Telescope Chember Ceth o
,,% | rH a i,
SO geegoT

Aperture  Quarter Quarter  Output
~ Wawe Plate  Wawe Plate  Coupler

Flgure 6. 14 _
Component Arrangement of A D1ode Seeded Nd. YAG Laser
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© 654

. _ Efﬁment recombmatxon of the two amphﬁed laser pulses i8 achleved W1th

. a polansmg beam combmer cube. The combiner chosen reqmred a low e

. optwal msertlon loss ‘and  high eﬁimency combination. No amphtude" L

£ beamsphtter could “gurvive _the incident- energy dens1t1ee nor . prowde’.:'
o efficient couplmg ‘A polansatlon beam Sphttmg cube is used successfully'j;_f’-'-

Tmel to handle hlgh 1nput energles and d1v1de in the ratlo

I trans o cot2 \p " where y is the angle the mc:dent R
e | reﬂ oo i eleetrie vector  makes  with the =

- -"_jUsed in- reverse, when one beam is presented in the vertlcal and the

' 'other in the honzontal the combmatlon will be achleved w1th neghble :
-msertmn loss. The output ‘will still retain the orthogonal relatlonshlp '
 between the electric vectors of the beams. Hence the two output pulses,
~ whilst coaxial, would be rotated . relative to one another by - 90° and
therefore not mutually coherent. The solution to this problem was

- achzeved usl_ng the frequency doubhng crystal. The input acceptance angle -
 to- the KD*Pus to within 45° of its aligned axis. The frequency doubled -

| output. would be aligned W1th the principle crystal axis, whilst the
fundamental residual energy would tre.nsmit through with no re-
orientation. A half wave plate is then used to re-orientate the electric
vector of the doubled output back from 45° to the vertical. A dichroic
mirror is used to split off the doubled output from the fundamental. The
residual 1.06pm energy is then absorbed in a tubular beam dump.

The optical combination was echieved by adjusting the output combining
arrangement  aligning laser 2 into the beam path of laser 1. Final
adjustment is achieved using an interferometer initially set up for laser 1.
 With the framestore in subtraction mode, laser 1 is turned off and laser 2
‘turned on. Frlnges are seen across the image as a result of the
nnsahgnment whlch can be minimised using the x, y mirror adgustment |
of the beam combination optlcs A settmg is thereby determined thh both
lasers now truly coamal ' '
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" 8.5.5

It was hlghly satlsfymg, ._ when after 1nstalhng and commlsswmng the"

‘laser, results' were obtamed 1mmed1ately from the mterferometer To y

. examine. the 1nterferometr1c quahty of each laser, the osc:llators were.____'_
frmges over the test ob_]ect (the clamped metal plate) Wlth laser 2 unable e

-_ to exactly match the quahty of laser 1 Occaswnal momentary loss of the
S frmge pattem was observed thls bemg attrlbuted to the oscﬂlator cawty

“each lager was tnggered mternally ‘and the plate osc111ated 1ndependently_ .

e f:':'operated 1nd1v1dually A dlﬁ‘erence in frmge contrast - was observed in’ i

j_' p1ezo nurrors cormng to the end of‘ 1ts compensatmg travel followed by:
: automatic resettmg and- durmg thm penod coherence 1s lost Imtla'lly

| ;producmg frmge patterns which’ vaned in dens1ty depending - upon the

beat frequencies of the oscillation agamst the 50Hz internal trigger.
Triggering the laser from the oscillator successfully phase locked the -

 fringe pattern and produced stable results. The interferometric depth- of _

field available from the laser is greater than 1m: A 10 ns pulse produces

- a light beam 3.0m lo_ng.:Thus_ for adequate coherent light to ‘combine at B

the ‘television camera _:and produce _high _contrast fringes path length
compensation is necessary for maximum depth of field. Early out of plane
results are shown in Plate 28, where to demonstrate the flexibility of the

.'system, results are presented of the authors hand pushing agamst the

optical table The final result, Plate 29 is of the author holdmg a
vibrating plate oscillating at' 13040 Hz, demonstrating the abilify of twin

. pulsed ESPI to examine objects totally independent of the interferometer.
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Twin Pulse ESPI Fringe Patterns of a Hand Pushing
Against the Fixed Optical Table

Plate 29.
Twin Pulsed ESPI Results of a Handheld Clamped
Metal Plate Oscillating at 13,040Hz
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6.5.6 Post Processing of Twin ESPI Fringe Patterns

As shown in Appendix A2.3.2, addition fringe patterns have a cos® function
on top of the combined object and reference background terms. The raw data
gathered for a twin pulse interferogram is shown in Plate 30. If the reference
beam optical noise is initially stored and subtracted using a framestore, the
result is seen in Plate 31. Creath and Slettemoen [74] reported similar results
for the CW case. With no amplification of brightness and contrast, fringe
patterns are difficult to observe although adjusting the contrast of the

television monitor can assist this.

To verify the concept of interference between the two different laser pulses,
each laser (in single pulse operation) was operated in a stroboscopic manner
to obtain the conventional subtraction result as seen in Plate 32. This result
is obtained from using laser 2, (identical results were obtained from laser 1),
with the plate vibrating at 1350 Hz. Verification of twin pulse mode was
achieved by synchronising the positive peak of the surface displacement with
laser 1 and the negative peak with laser 2. Plate 33 shows the result of
subtracting the images each obtained from a separate laser. The fringe
visibility is comparable with that of Plate 32. A major breakthrough in twin
pulsed addition fringe visibility was obtained when a second framestore was
utilised. A combined interferogram of the surface at rest was stored in a
second framestore and the live twin pulse image subtracted from it, effectively
undertaking a further correlation subtraction of the fringe pattern from the
rest condition. This may be of benefit in identifying and separating bulk body

motion from surface displacement. The result can be seen in Plate 34.

An advantage of this approach is the ability to post process data recorded on
videotape, Plate 34 was produced from data originally captured using a U
Matic videotape recorder and played back via the video processors. Thus
source data recorded using the pulsed equipment during an in-situ analysis
provides the opportunity for repetitive sequential analysis which may be of

benefit during complex modal study.
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'This chapter has concluded the programme of work as laid down in.

"Chapter 1. The final objective- has been . the productlon of an ESPI

" system _that could operate free from the constraints of the laboratory o
- - The equipment produced was sultable for combmatlon w1th the computer,-,-__-'--;_'f:

o based ﬁmge analysm eqmprnent descnbed earher SR

Prevmus Work 1nvolvmg pulsed ESPI rehed upon a ruby laser as the

source. Expenments proved this Iaser type to be dlfﬁcult to Work with

L l-:"and capable of only lmnted double pu]se repet1t10n rates (1 pu]se every- _ _’ »
5 seconds). - e e

After a review of commermally ava1lab1e pulsed laser types 1t was

decided to modlfy a Nd.YAG laser to double pulse operatlon The laser
.chosen was able to operate at 25Hz and a frequency doubling crystal
- was used to produce 530nm (green) coherent radiation. -
The use of frequency . doubling and CCD television - cameras prov1ded '
' -eqmpment of adequate. photometric sensmmty, enabhng an ob_]ect size _'
~ of m® to be illuminated with 35mJ of output energy. | o
. ‘CCD cameras were successfully used to store two pulse images prior to
1nput to the d1g1tal framestore, : . _
New image filtering electromcs were desugned to accommodate the' |
 pulse to pulse variation i in laser beam intensity, o
- ‘Full digital control of the image acquisition system and laser 'Enggenng
- was achieved using a micro-computer,
Double pulse ESPI fringe patterns were successﬁﬂly produced using the
. computer based fringe analysis software. The results provided both
- amplitude and phase 1nformat10n over an entire vibrating object.
Frequency line narrowmg using intra cavity etalons led to unexpected
laser beam pointing instabilities. A coherence length of >Im was
- available using line narrowing. | o
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T ange contrast was reduced usmg every alternate telewsmn plcturef' EaES
- field, (a consequence of usmg 25Hz operatlon), eﬁ‘ectwely reducing the =

- image resolutlon to 256 honzontal by 512 vertrcal lines. 50Hz operatlon' _

was beyond the Lumomcs Nd YAG laser, the poor power factor of the R

o chargmg system reQulred a 60 amp SUPPIY t° mamtam 25Hz :

To overcome the llmlted pulse separatlon penod ava1lable from Nd YAG}.;_':' o

-a twin ‘pulse solutlon ‘was. proposed. Seedmg of the two" ‘laser

__osc:llator/ampl:ﬁer combmatlons by a common narrow bandw1dth d1ode"}'__.'_-:'-,

e laser ensured output Wlth a long coherence Iength Usmg diode’ seedmg:"

'Prowded hlgher output energy than the prewous ﬁltered Nd YAG laser_

desngn

A twin laser was euccessfully produced W1th 1mproved output mtensztyf

e and beam po1nt1ng stabilities over the previous double pulsed design.

Twin pulsed ESPI was successfully demonstrated Venfymg the concept
‘ .ﬁrst proposed in 1986.

. Fringe. contrast enhancement was poss1ble for double pulse or twm_ o

. pulse results when the camera lens was blocked and the framestore
" was . loaded Wlth the residual system no1se (mostly from W1th1n the

* reference beam) Subsequent operatmn of the. gystem y1e1ded h:lgher S

-' -fnnge contrast when the n01se component was conhnuously subtracted.
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CHAPTER 7
CONCLUSIONS

) The pnmary ob;ectlve of thrs work was to produce an rnstrument which L :

" could undertake wholeﬁeld 1nspect10n and d13placement measurement'

utilising a non-contachng technology The mstrument had to permlt S
B _'operatmn by . engmeers ‘not necessarlly famlhar w1th the underlymg 5

B technology and produce results 1n a meamngful form Whﬂst optlcali-f o

technology was cons1dered sultable, two obJectnves remamed These were,

e "i) | To 1dent1fy an eﬁ'ectwe quantltatlve measurmg techmque - a
-if) - That a. chosen route could eventually result m a practlcalz' R

: 1nstrument -

Of the. possible techniques ‘widely cited in the literature, Holographic
 Interferometry was identified as partly meeting'these objectives. The use

of double pulsed lasers extended the techmque to undertake work in an .
' mdustnal environment. Recognition “of ‘the expenmental difficulties in"

using Holographlc Interferometry in practical engmeenng stud1es-f

suggested Electronic Speckle Pattern Interferometry (ESPI) to be a more
| suitable techmque Re-design and reconfiguratlon of the Speckle Pattern

] 1nterferometer, combined with research into the processing electronics

' produced equipment of suitable form able to be explmted_ by external
manufacturers. Further research led to successful '_computer' based “fringe

analysis capable of automatically reducing the fringe pattern to

 meaningful data. The final effort was the combination of ESPI with novel
pulsed lasers to produce the prototype for the .required instrument
technology. Conclusions drawn from this research _are discussed in the
following pages. " " o |
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S Holographic Interferometry was one techmque Onglnally consulered al'-'-_g

' oﬁ‘enng a number of des1rable features. Experzmental ‘work undertaken R

" provided data ‘which conﬁrmed the ‘potential of the technique for- solvmg _':
problems but also h1ghhghted some d1ﬂicult1es The available recordmg-'_
med1a Were exammed to- determme whether an automated recordmg‘-r

4 process could be produced The problems encountered suggested tlus was,f
" difficult to achieve in. a general instrument, The' recordmg ‘materials

_'mvestlgated hlghhghted the need: for hlgh 1llum1natmn levels due to the - 3
~inherent low photometric sensitivity of the recordlng med1a To. record':___; o

_ " holograms of large obJects, greater than 1m?, expOSure tunes of the order'r'-' o
of seconds reqmred laser output powers of >1 Watt. Whllst th:xs could befr |
m'"'achleved expenmentally, the techmque suﬁ‘ered from enwronmental e
'd1sturbances,r Y vanatlon in relative pathlength durmg exposure:' o
‘would seriously 'reduce the bnghtness of the hologram. A technique tried = '

to combat thls was common path mterferometry, which reduced the
expernnental susceptablhty to external changes but was not always
: experunentally practlcal '

Cons1derab1e eﬁ'ort was requlred to extract quant1tat1ve data from the i

holograms In order to perform a complete three d.unensmnal d1splacement "

analysis a number of holographlc views must be recorded, each requiring

the same demandmg environmental stab1hty To determine the cartesian -

displacement vectors, (x, y and z) from the hologram, requires intensive _
computational reduction from a number of fringe patterns recorded using
secondary imaging transducers, either photographic or video. Error
analysis of the experimental arrangement highlighted a number of
practical restrictions which lead to  data uncertainties. Qualitative
analys:s using Holographic Interferometry had been very successful and
~ resulted in useful analytical data which was used in three different

' engineering design programmes. Unfortunately, attempts to quantify the_'
data to provide strain values relied upon double differentiation of the
f‘ringe field, a process that is highly gensitive to fringe position errors.
These experiments prowded the confidence that optical mterferometry was
‘able to pro_duce data of suitable displacement sens1t1v1ty, th results that
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'were acceptable to other engmeers ‘No- arrangement could be determmed

- which prov:ded the basis f‘or a measuring instrument. The lessons leamt'“' '
~ in this mstance steered the research toward double pulsed lasers and
- Electromc Speckle Pattern Interferometry ' ' S

L bouble Pulsed Holographm Interferometry Expenments “were o :':1

-L"undertaken to extend ‘the capablhty of Holographlc Interferometry usmg"_: -
o double pulsed ruby lasers “This: Work was necessary to determme the: -
~. possible 11m1ts of the techmque A31de from the equlpment 11m1tat10ns, the =

- :expenments demonstrated a reductlon of. photometnc senmtm.ty by a':_

~factor of twc in the sllver hahde recordmg matenal when used w:th

. pulsed lasers.’ Thls was due to the short exposure - tlmes from the Q

‘switched ruby laser, deﬁned by Rec1proc1ty Law failure. The experiments

- did provxde confidence that with _sultable de51gn effort, mterferometnc '

arrangements could be constructed that could work in the most arduous
of industrial environments. - '

- _Tr.iggeﬁng of the laser from'_'_a"j'.S_e'c_:londary._trar_isducer res'u_lte_d'inf various o
 electronic configurations which successfully provided temporal and spatial

I investigations of vibrating component surfaces. However, the problems of

data extraction' common to holographic techniques led to questions about
~data quahty and mterpretatmn This in turn initiated a search for .
alternative mterferometnc techmques ' Durmg this- work = three -
7 requirements were 1dent1ﬁed as essential to further the ongmal "b_]ectlves, :
these were;, '

(i) - The optical technique must provide three-dimensional data in
a form not requiring further :reduction prior to enginEering
_ B "evaluatzon ” R
(i) - Results must be able to be mterfaced to some form of
| automatic data reduction system capable of extractmg
. | meanmgful information. - :
i) - The technique. should be able to be conﬁgured to render it
| _1nsens1t1ve to enwronmental changes .
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. j__r:"These conclusmns led to the chowe of ESPI as a more emtable candrdatef-"--
| rtechnology - : : :

Electromc Speckle Pattern' Interferometry Correlatwnﬁ'..

" interferometers were able to satlsfy the requirement of providing three
.- dimensional data without ﬁzrther reductron but needed to be mvestlgated S
Sin order to determme if it was able to fulfil the rema:lmng objectives.
L '_'-',-ESPI had been known of for 10 yeare prior to the start of thls researchr_-":

T but had falled to become an industrially recogmsed techmque It was not.

....'.-.ifrestnctaons on mspectlon size.-

) user fnendly and although attempts were rnade to commermahse the '-

~ technology, " these’ had failed due to cost settlng up complemtles and o

Previoos ‘work had introduced equipmerit"eonstraihts that were not fully a
compatlble with the underlymg prmmples of ESPI. Jones and Wkyes {25]
in 1l:he1r examination of the limitations .of ESPI stated (page  196), “i

' should be noted that only out-of-plane sens1t1ve time. averaged fringes can

"fbe observed“ and also (page 197) that “the ESPI system must use a high

' 'F-number (small - lens aperture) viewing system These examples were

" common of the folklore surroundmg ESPI and were proven to be incorrect.
 Experiments undertaken have refined in-plane time. averaged ESPI such
_that high " contrast’ fringe patterns have been obtamed from systems E
' operated usmg F1.4 lenses. ' -

This work has produced designs of interferometers which have been
subsequently manufaetured by EaIing Electro-Optics and Newport
Corporation. The re-designs of the processing electronics have also been

. licensed and mcorporated within their eqmpment The deslgn of the

existing analogue ESPI processing electronics produced fringes of good
_'vrsual quality, but to achieve this were highly contrast stretched. Thus
the actual cos? fringe function had been replaced by one of a near square
wave type. Sub-fringe interpolation could not be accurately performed.
- New digital processing electronics were produced which did not affect the
resultant fringe pattern_”interlsity. distribution, were compact, simple in
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constructionm and’easy'to“maintain “The restoration- of the correct fringe -

‘functxon prowded suitable input data for the fringe pattem analyms ‘After

a review of available fringe ‘processing techmques, two step- phase
stepping was chosen Other workers had decided to assign phase values to

- alli 1mage prxels before and after dlsplacement then compute the resultant e

R values knowmg the phase and mtens1ty This approach requlred a total of_j"‘:_ﬂ:_:
six 1mages to perform a complete analysns The approach’ taken here was

f_,.-bO step the . frmge pattem tw1ce (by-27r/3 and+2n/3) and compute the_- o

o 7d1splacement from three lmages This reqmred less computer ‘memory and"'_::
o omputatlonal eﬁ'ort A

reason for thlS approach was to use

emstmg fnnge patterns dlsplayed upon “the telewsmn momtor Thus data s

S _':ﬁ"acqmsmon remote from the 1mage processor could be contemplated

The : ﬁ-lnge analysis Work was pursued in the initial stages using a large
1024 x 1024 pVax mini computer based image processor able to undertake
-_solutions within reasonable timescales. The use of 1024 pixels ‘was an-

‘attempt to increase the data densrty The approach taken has shown thls :

to be u.nnesseccary with the phase steppmg approach ; provmg successful in
. _tackling - the fnnge pattern reductlon of ESPI fringe patterns usmgrr. .

 512x512 plxels It was also the range " of different 1nterferometr10

- - arrangements and frmge pattern types, which required an automatlc

~ ‘system to work on both pulsed and contmuous wave eqmpment The |
' 'demands 1mposed by the image processors reqmred 'L improvement of .
the electromc pre-processmg The hardware plggybacked‘ onto thHe mother
board of stand-alone framestore equipment. The availability of lower cost_.
personal computers with suitable high definition plug-in framestore cards
enabled further advanced pre-processing solutions to be implemented
~ within the micro- computer Data processmg reqmrements and further
analysis of the ESPI fringe pattern image content led to new floating

level filtration and band pass image filtration. The combmatlon of spemﬁc o

- pre-processing hardware, micro computer and multlpage framestores
resulted in this eqmpment being able to undertake image acqmsltmn and
. frmge pattern processing in less than 15 seconds. This processing time
was a factor of four faster than the p.Vax II based equlpment '
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S "The - oonstrucﬁon “of - hybnd 1n—plane and out-of—plane eens1t1ve

. mterferometers prowded the necessary test bed for the 1mage processmg. -

- eqmpment The . generatlon of processed three dimensional duplacement' . _
- data in cartes1an coordmate form 1s conmdered h1gh1y mgmﬁcant to real T

N ' "world engmeermg desugn studlee T

:"'-::"-;"Attempts bo 1ncorporate a pulsed ruby laser 1n a speckle mterferometer, o

A whﬂst expenmentally ' suocessful 1 Were szgmﬁcant 1dent1f3nng

T Problems wluch were endemic of that laser type antatlons of repetltlon'”..:. )

. “rate - and pulse to pulle intenmty stab1hty could not. be sufﬁmently'._”'ij-
B nnproved upon even after two re- de31gns of the eqmpment An alternatwe__ .

" laser type was- 1dent1ﬁed Wthh could prowde suitable pulsed energy. The - -

' :':i:i“'frequency doubled ‘Nd. YAG pulsed lasers for 'ESPI resulted in. real tlme,'

" high repet1t10n (50Hz) pulsed results, one advantage bemg the ab111ty to

prov1de ammauon of a surf'ace resonant motion.

7 The gain in senS1t1v1ty of the 1mag1ng ‘system at 530 nm for scanned -
- _1mage tubes (0.45 A/W) Was two. orders of magnitude better than at the . .
- fundamental 1060 .nm laser. wavelength . 02 A/W ). Thls wag achieved - :
with the. expense of a 50% reductlon in output energy due to the

~_frequency doubling. Presently with CCD television camera areas of >1m?

can be ﬂlummated with a 35 mJ/pulse of laser energy. An early concern
of whether the imaging mechanism of the CCD would work with the -
double pulse illumination system proved unfounded. CCD cameras” coped
a'dequately with the task and provided imaging precision of the data
previously unobtainable with scanned vacuum tubes. | '

The consequences of energy variability and the demands of digital storage
required that new floating level filtration electronics be deSigned, and this
‘provided the additional benefit of increasing the capability to handle the
uneven inte.nsity distribution'_,of the reference beam. Initial experiments
were hampered by signal degradetion' ‘arising from: successive analogue .

and digital conversions, ‘the: local timing circuits not being gynchronised

via a master source and attenuation throughout numerous pieces of
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electromc equlpment The combmatlon of all 1mage ﬁltratlon, 1mage g

acqulsmon fringe pattern enhancement and frmge pattern analy51s within .~

- one rmcrocomputer ‘based system has resulted in reduced noise- and

1mprovements in fnnge pattern quality, A further advantage of this -
o }'approach Was the _ reducuon in equlpment used leadmg to a hardware o

ok _cost savmgs

_The neW twm pulse laser de91gn was very successful, _ it achleved a

7 f'f'trebhng of the opt1ca1 energy output ‘with half the electncal energy--":-:_ B
L requlrement of the prewous system The lme narrowmg w1th the chode,' .
" laser seedmg prov1ded the necessary 1mprovement to beam po1nt1ng In

o practlcal terms, the laser became as easy to use. as a contmuous wave‘;l e

. 'laser The 1nd1v1dua1 maxlmum pulse energy output of 100 mJ/pulse of o

_530 nm energy compares W1th the single line output ‘of a 30 watt argon
_ion laser. ' '

Considering the _'op'erational requirements, the pulse .timing flexibility was

_ considerably improved. Any pulse Separation from 10 nsec"'upto' 20 msec

' __(20 msec bemg the camera operatmg cycle tlme) 1s achlevable, Wlth a.'

maximum energy of 100 mJ/pulse of consistent output The output energy
was no longer dependent upon lager timing, nor subject to the continual
electronic adjustment preyiously needed for the Nd.YAG or ruby lasers.
Double pulsed addition fringe pattern quality was enhanced by initially B
storing the system residual noise into a framestore and subtracting this
from the live image.

The final results have achieved the original objectives, although the path
~ taken did -not.-follow the original plan, this was revised ‘as the research
progressed. It is ‘inevitable that any research work will generate more
questions than are immediately answerable. Some of these questions are
rposed in the following chapter whilst others are being addressed by.
add1t1ona1 researchers Workmg Wlthln thlS field.
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CHAPTER 8
FURTHER WORK

R One objectwe of th1s research was to- produce an mstrument capable of
L optlcal whole field mspectlon dxsplaymg results in a meamngful form. The

e new - twm pulsed laser technology has extended the use “of - the L -

1nstrumentat10n outsnde “of the laboratory ‘and mto real world'*"":"

enwronments 'l‘hls work has generated new. areas wh1ch should form the
basls of new research to extend and consohdate that already achleved to__-'
date rl‘he new 1deas fall w1thm four categones 0pt1ca1 head des1gn,
laser desrgn, electromcshmage processmg, and new apphcatmn areas o

Each of these areas are addressed in the followmg sectlons

Optlcal Head Des1g'n

The value of simple out-of-plane studles is limited, the ability of ESPI to
- visualise the three separate cartesian co-ordinate d1splacement vectors (x,

y and z) has been shown to have apphcatlon in the study of vibration
5 problems The combination of two in-plane’ systems and one out-of-plane' ;

" arrangement  has- been- demonstrated on & laboratory basrs The
" combination’ of these arrangements within a smgle head ‘could prov1de an )

1nstrument with - greater flexibility. V1ewmg with a single lens and
. 1mag1ng onto three cameras wou]d enable the three separate images to be
;’ acqulred\ either sequent:ally or in parallel. Some metallic surfaces are able
to preserve the polarisation of reflected laser light. It is possible to use -
this property to a.dvantage by illuminating the surface with two or more
beams whose electric vectors are at different angles relative to one
another, Therefore concurrent imaging would take place via a single lens
if a polarisation beam splitter is used fo produce the requisite images.

- These images can be phase stepped independently and automatically |

analysed by separate framestores. The present computer framestores are
only able to handle a single camera input. The concepts could also apply ,
to rotating components with the addition of an image derotator. Though |
~at present the combmatlon of pulsed YAG ESPIl with an image derotator

has not yet been demonstrated. L '
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Laser DeSIgn R ‘ - N
The techmque of drode seedmg two laser cawtles can be extended to three

- _ Or more’ YAG laser osclllators ‘This would make smgle phase step, three'i'

‘pulse ESPI a potent:al tool for transient wbratlon analysis, The present; -
" Nd. YAG oscillators are large three rail arrangements the space

i reqmrement for the lager components could be reduced if the new mirror =~
mount concept was mcorporated for all elements Furthermere the line:

& ., '_ selectlon W1th seed lasers ensures adequate coherence w1thout frequency;.::::{_.:
- narrowmg etalons The potentral for compact seeded Nd YAG lagers is
conmderable, one beneﬁt here s the poss1b111ty of a hand portable tool

- The recent use’ of .slab’ 1nJect10n of YAG rods for hlgher output energzes.;_:-_j .
could be equally apphed to the smgle frequency Nd.YAG types and assnstj;
m the constructlon of compact lasers Here, transversemumpmg 18 used_

' along the axis of the rod as opposed to the present method of longitudinal
1n3ect10n at the rear mirror. '

Image Processmg _ . _
" The recent avarlablllty ‘of computer framestore cards W’lth on—boardf .

transputers has potential for high speed Jmage feuner ﬁltratlon and other .

‘computationally intensive processes without needing to access the mam
' computer bus. This could- replace the initial pre-processmg stages which.
presently use look-up tables with more advanced loglcal operatlons pnor 7
to storage. The ab1hty to 1mp1ement the transputer. operatlons in ‘C

: programmmg language is a great ad_vantage, although awareness of |
parallel programming techniques is necessary. '

Recent advances in neural networking applied with optical pre-processing
could enable the noisy speckle fringes to be enhanced with any data holes
bemg filled by the use of associated 1mag1ng techniques. These techmques '
could be applied to. fringe pattern analysls replacing the current fringe

processing techmquesl which utilise two dimensional vectoral analysis. One
method of neural networkmg requlres a spat1a1 hght modulator to be
included in the imaging system pnor to the telewsmn camera. A further
“use of spatlal hght modulators could be for real time optlcal unage
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ﬁltenng (Founer, Mellm, etc) and also frmge pattern enhancement The :

S constructzon of matched Vander Lugt filters for image spat1al ﬁltermg:. s
~ could remove the . high frequency, speckle - information leaving lower o

frequency frmge deta11 1f some 1ntermed1ate real tlme optwal memory_ -

could be dewsed (such as a BSO crystal)

S -'j_Apphcatlons

| The 1mag1ng speed of a Nd YAG system is presently lumted by the pulse -

' 'Al'duratlon (typlcally 10nsec) The mtroductmn of an extended opt1ca1 delay'_; o

line into one arm of the mterferometer would reduce - the 1nterference_'_"

potentlal of the two beams The telewsmn camera could be synchromsedf L

e “with' the shortened 1nterference penod ‘and. gatmg of the camera could

‘then . ensure. the ‘non- contnbutory parts of the two beams d1d not’
Ellurmnate the camera faceplate The consequence here would be to 1mage' :
‘with sub nano second possibilities. Components at high speed or with
" high levels of displacement could be imaged. The ability of the twin laser

B to generate pulses of smtable 1ntervals would enable ultra fast phenomena |

1o be analysed by 1nterferometry Fmally, it would be interesting to-

- .attempt to analyse components underwater Wlth a design of submerglble- |
1nterferometer

There is COnsiderable potential' for new research and types of
_ 1nterferometers able to solve engineering and scientific problems The
awareness of the technical community to the advantages of ESPI is now'
growing and helped by the availability of commercial instrumentation
should drive the future research utilising ESPL
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ST " APPENDIX 1. R
PULSED RUBY LASERS AND THEIR OPERATION

S '_ A smgle crystal of A1203 1s more usually known as Sapphlre The mat‘al:?-:fi ii"

lattme has a cub1c symmetry, the chrommm oxide puts a small dlstortlon':."' L

o along‘ one ‘of the cublc dmgonals "As a result of. this dlstortlon the true';._._-'i.-‘.'-
- symmetry of' the crystal is rhombohedral w1th the symmetry element - -
_ ‘,- '_-:havmg a- three-fold ams of rotatmn Thus the crystal is umax1al thh the o
L *:'50ptlcal a:us co1nc1d1ng w1th the - three-fold ams Ruby crystals are:'?_j-" |

L synthetlcally grown spec1ﬁcally for lasers The. rods are core dnlled from',m‘

the large crystals with the cyhnder axis at 60° or 90° to the Opt1cal axis,

Ruby with 0.05 chromium is pale pink having 158 x 10% 'ch_ro_mium )
ions per cubic centimetre. - If the concerltration is inCreased tenfold the _
ruby i is the. more familiar red colour however the chromzum ions. wﬂl start” -'
to interact at tlus concentratlon - ' ' ' ' |

'AL1 Construction of a Ruby Laser

The dimensions of the _ruby'. rods vary between 025 inch - 0.375 inch
diameter and 4 - 8 inch length. The end faces are ground and pol‘ished,
to be plane and parallel, though a recent trend is to introduce a 1° )
vertlcal offset to eliminate laser action within the rod itself. The ruby
rod is irradiated with optical energy from one or more xenon ﬂashlamps

typically for 3 msec. The usual arrangements for coupling of the optical -

energy to the laser rod is shown in Figure Al. The helical arrangement,
Figure Al.1, gives the best cross sectional laser beam profile and is used
for the oscillator' and amplifier of the Apollo ruby laser. Unfortunately it
is an expensive flashlamp to manufacture and the thermal expansion
results in a continued uncoiling and coiling of the ﬂeshlamlj._ This leads
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g regular fatlgue fallure of the ﬂashlamps thch at’ £600 is not an

| 1nconsequent1al replacement cost. “The coupling efficiency of the optlcaln' |

energy of the flashlamp 1nto the rod is the lowest of the - ﬁve o

} ) conﬁguratlons The close couphng arrangement of Fxgures Al 2 and Al 4

| are more eﬂiclent per umt Iength of. ﬂashlamp, than the hehcalti'_’:
S _arrangement but prov1de a lower quahty far ﬁeId mode structure to the_fﬁf_'

;output beam : The elhpt1ca1 arrangement F1gure Al 3 IS a’ good

o -__comprormse for couplmg eﬁiczency and 1mproved fa:r ﬁeld mode structure s
~_The JK lasers used rely on'a “double elhpt1cal pumpmg - configuration. -

', Flgure A15 “shows an experlmental arrangement used for long pulse_';j

separation double pulse - lasers which has been evaluated w1thm the - -

~ " laboratories m an’ attempt to’ overcome elestmg eqmpment constramts = S

'}Whllst successful it was still’ hampered by the constramts of ruby laser

_Hexc1tat10n and was not pursued due to the overwhelmmg advantages of
- the Nd.YAG laser. Double or multiple flashlamp excitation reduces the -
fn'o"n-uniformity “of the coupling. This non-umform1ty has two adverse

- _effects on the quahty of the output beam

O thermal gradlents and consequentzal stressmg w1th1n the

'_ laser rod leading to optical path distortion, '

(1) ‘preferentzal formatlon of asymmetnc beam modes of little
B _value in holcgraphy
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~The technique of optical pu'mpi'n.g‘ reliee on a change of energy state of the

~ laser rod material from a ground state up to an - exmted state by_" o

'excltauon of the actwe mabenal by the ﬂashlamps -The- pumpmg hght e

T must be dlrected mto the laser rod w1th a h1gh degree of efﬁcxency smce xS

_,‘_;-'lnefﬁclenclee result in heatmg and 1nh1b1t the necessary thresholds of
Lo _:‘:— exmtatmn T - ST S R

L The energy nee needed to ralse chrommm from the ground state to the_-_',_'_f

-exmted state is approx:tmately 48 x 1(}12 erg per’ atom At least half the_,r w
e resadent chromlum atoms must be exclted otherwise hght amphﬁcatlon”""'"

hcannot take place As stated earher the chromium densﬂ;y is 1.58 x 10® ~

‘-" therefore the optlcal energy coupled mto the rod must exceed (note 1

_ 'Joule =1x 10 ergs),
1ex 4.8 x 10% x 158 x 10 = 379 x 107 ergs em®
- Coupled energy needed = 3.79- J em®

- The osmllator on the JK ruby laser is 1.14 X 4" glvmg 16 38 cm® whlch _
requires the coupled energy 10 be 62. 08 J

Xenon flashlamps convert between 5% and_ 10% of the supplied electrical
energy into UV and blue/green radiation (the spectral output is affected
by the current density within: the ﬂashlamps) Current lamps are coated
ingide of the tube with UV fluorescent material to improve the blue/green .
~ output, The ruby rod does not absorb all of the ﬂashlamp optical output,
coupling is affected by the deengn of the pumping arrangements and
" coatings of the reflectors used. | '
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""Therefore assummg 40% couplmg eﬁimency, the total energy reqmrement

| 'wﬂl be, R

L rfFo_r-“ the JK o__soill'l'ator rod the energy reqmrement W111 be, s .' =

Coupled  energy requir'e'rnent x .'Conpli'ngj - _eflficien.cy x
- _Optlcalfelectncal conversion efficiency - R B
. =379x 100/40 x. 100/10 94 75 =95 J om*®

| wmswmesms

: Th1s energy leveI is hlgh the fastest cycle tlme of the osclllator is . 10_- i

- 'jf seconds and’so the coolant system must be able to remove apprommatelyfﬁ_'w'rgf'_'

l150 Watts of energy for the osclllator alone

“AL3 mmwm |

o It was necessary to mod1fy the coohng eqmpment used by the JK Iaser
o and 1mprove the coolant flow pattern Imtlally the ‘oscillator and two 7
‘ ‘amphﬁers were cooled i in series. This was modified to a parallel manifold
o _‘L'-arrangement after. poor beam repeatablhty was attnbuted to 1nsufﬁc1ent |

| coohng : ' I

"I'_‘he oscillator rod does not emit a nniphase wavefront across its diameter
even though the rod is cylindrical with anti-reflection coated end faces.
The oscillator was modified to enable 2 2 mm diameter aperture to be
translated across the oscillator cavity in both horizontal and vertical axes.
(Previously a rotary head with different diameter apertures was used at a
fixed central position). The aperture enables a uniphase TEM,, beam to
be extracted from the oscillator with maximum output energy. |
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Assoczated w1th uneven beam cross-sectlon is the generatlon of dlfferent':'_' o

. modes of excitation. These modes must compete within the crystal for

_ 'supply of energy. from the exc1ted atoms in order to propagate
' "Consequently the aperture is also used to select the single- ﬁmdamental_ .
_'Gaussnan mode ‘within the output beam Furthermore hot- spots SR

o assoclated w1th the ﬂashlamp couphng and focussmg can be avo1ded

e ;:.The onentatmn of the optlcal axis of the ruby CYYStal thh respect to the' S

B 'cyhndncal axis - can aﬂ'ect the output pOIansatlon A Glan—Thomson or T '-

| "Brewster stack can’ be used to enhance the polansatmn of the oscillator = -

mtra-cawty beam to the vert1ca1 axis. An 0pt1ca1 shutter i 1s ‘used within
the cavity to block lasing actnnty and enable the excitation within the
laser crystal to build up to store the energy above the threshold level.
 When peak excitation. is reached or the control electronics require a pulse

. the’ energy is released . This techmque is known as Q- sw1tchmg and. the
shutter used is e1ther a Pockel cell or Kerr cell

' The functional element within these two devices is a material which
- becomes birefringent under the inﬂuence of -a_n external driving . electric
field.. The usual method of operation is to cause a A/4 retardation of any
laser output which upon reflection from the rear reflector undergoes
another A/4 retardation becoming linearly polarised again only at 90° to
its original axis. The polariser will absorb this radiation (typically with-
an extinction ratio of greater than 100:1) thereby stopping the radiation
~ passing through the crystal and becoming amplified. Therefore whilst
- some energy will leak, most will be retained effectively ‘integrating the
~ energy from the flashlamps. At the desired time the voltage to the Q-
switch is switched off and the polarising effect is removed, allowing
oscillations to build up within the cavity. The amphﬁcatmn process takes
place. thh the part1a1 reﬂectlng output m1rror em1tt1ng the laser
pulse. ' '
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7 "I‘he threshold of the laser crystal is. controlled when the amphﬁcatlon perfff_l_','
" unit length (oc) reaches RIS ' o S

 where L is the. length of the crystal:

’F"“ﬁ' "

through the crystal

m-_a is. proportlonal to the populatmn mversmn (the number of atoms exc:ted{"

'.; and Y the loss of radratmn dunng passage SRR S )

7 from. the ground state to the meta stable condltlon prior to emltung a .

-'f."_'photon and returmng to the ground state);” and during- pumpmg the
C populatlon 1ncreases : Laser oscﬂlatlon ‘cannot be achleved until the =

':'q-;threshold is. reached once gamed it qmckly bullds up, until the POPdatlonrl-;,-‘- |

is exhausted Therefore the loss rate controls the 1nversmn

The Pockel cell used had a 'driving voltage of 5 Kv however upon

removing this voltage the decay rate of the birefringent material is 1-3
‘psec, controlled by hysterems and re51dual piezo electric effects within the
- crystal -To reduce this the Pockel cell is over-drwen with a negative bias -

- of 5-600 V. ThlS overcemes these effects and can,. dependmg upon the

circuits used be as short as 3-5 nsec although for holograpluc lasers it is

~ advantageous for the mode structure if the opemng of the shutter is

around 400 nsec.

Al41 Double Pulse Operation

After an initial pulse the exciting flash is still present and it is possible
for energy to be stored again such that once the threshold is passed
lasing action can be repeated. The typical recovery time for a ruby is 10
~ psee, after which a second pulse can then be initiated. With reference to
Figure A1.2, for holography the two pulses must be of similar energies
-and providing the pulse separation (between the tWo pulses)'is 'within' the
ﬂashlamp exc1tat10n and no longer than 1 msec a balance can be. -
~achieved. ' ' '
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The method of aperation fs as follows:

)

‘achieved. by adJustment to the’ amphtude adjustments for,:'f

s ':'__;;_ pulses 1 or 2 (th:ts mod1fies the Pockel cell voltage) on the__'._-__

" “Pockel cell controller or adjustment of the initial delay to bias ™
. the second pulse preferentlally agamst the first.  This Iater L

Optumse the 1n1t1a1 delay between the ﬁnng synchromsatmn o
e pulse and the max1mum threshold energy At thls stage the - -
. .7 “second pulse is’ dlsabled ' et
T
S 'potentwmeter as the Pockel cell controller ‘ E o
After ﬁnng, the relatwe mtens1ty between the two pulses 1s'
momtored on a d1g1tal storage ‘scope, Pulse vanatlon 18'

The pulse separatmn s controlled by a d1ﬁ‘erent1alf.".' .

: techmque is used only for longer pulse separatlons 750-1000-

nsec.
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Figure A1.3
- Plot of Energy Intensity Against Txme, "
Showmg the Balancmg of the 'I‘wo Output Pulses

gpt;cal
Cable | | somm Ce7TR

S T | 50mm ‘
o dy ™ B
- S ~{50mm

I—— i

i Flgure A1 4
Cross-section of Laser Chassm -

213



‘At the start of the project the e:nstmg double pu]se JK ruby laser had &

_.:__smgle opt1cal rail of Sm length The chassm sectlon and mverted oﬁ'set S

B ’T’ sectlon is shown m F1gure Al 4

The structural and thermal I'lgldlty were madequate Whl(:h meant

S contmual adjustment to the. laser to: mamtam performance Mowng the_f_-"'_:

_"laser made reahgnment necessary and changes to - the Iabor.a(-,ory : |
: L temperature overmght necesmtated a soak txme of between 1 and 2 hours_ [RRE
Coine the _morning, The chassis was- rebullt as shown in the schematxc,_'

" Flgure A15 greatly 1mproved structural stlﬂ‘ness The tolerance to: x

- thermal drift was also nnproved though not mgmﬁcantly and three point-
'_mountmg with adjustable feet was introduced to prov1de helght and
levelling ability. A three bar invar resonator for the oscillator was |
'conS1dered but cost and time were prohibitive. - The comprom1se ‘design
proved adequate requmng only occasmnal adJustment dunng a day’s_

' operatxon
 OSCILLATOR
) ¥ X .
R . -
: , _ .~ Intracavity  Output
Rear mirror - Polariser - Eiiajg| Mirmor/Etalon _
T 1 - ] l O - L
Pocket Cell gscillator- ~ Pinhole - _
o uby Rod & ' ,
Rashlamp ﬁlf_eenng
o _ irrors
Gotoat -
4;3: | —~ o

- Energy Am lifiert -~ Amplifier 2 Beam
‘ r?o flash!amps rod & flash- Exmnder

lamps Reference beam

L

AMPL‘IFIER

o Flgure Al5 : '
Schematlc of Modlﬁed JK Laser Chassis Used for Holography and ESPI
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| shown in Flgure Al 6. .

Pulsed solid state lasers can be Opera-te'd-in several ways dependings upon . |

s constructlon and laser crystal used Thls mmplest type of resonator is =

\\\\\\\\{fe_f;‘ﬂjjﬂwj

Rear Reflector | _RUby.Rod in Pérfial F&aflecbr _
100 %% coated . pumping chamber -~ 70-8090 coated . -

- on front surface N - on front surface

Figure A1.6
Simple Ruby Laser Resonator

The flash lamp increases the stored energy in the rod until there is
sufficient radiation travelling between the reflectors for amplification to
take place. The laser oscillation rapidly reduces the stored energy and is
thus a self-quenchjng process. After an initial pulse of approximateiy one

mwrosecond duration the energy level must be restored before reachmg -

threshold again. Thus in the fized Q mode the stored energy level i
- clamped at this level, and the lager output will pulsate for the duration of :
the excltatlon and the laser output proﬁle will follow the ﬂashlamp
_proﬁle See Figure Al.7.
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©* The term Q is used here is defined as: T

Q = Energy stored
- Energy dissipated per cycle

Time

‘Stored
Energy

| Laser
Output

Time

_ '__.Fig'ure ALT7 |
Fized Q Pulsed Laser Operation
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In the Q smtched mode, a h1gh speed shutter is mserted mto the optlcal _'i
resonator. The ‘shutter is 1mt1a11y closed thereby preventlng laser

| ___act1v1ty, ‘whilst the ﬂashlamp exmtes the ruby Energy is- stored w1th1n -
" the rod and builds up. as- shown in Figure ALS. Before the energy begmsr__ o

5 to decay (as determned by the ﬂuorescence of the ruby) the shutter is
: opened The Q of the optlcal cawty 1s sw1tched from a low to a hlgh:_ L
value. Consequently the energy is rap1dly released in a smgle giant pulse - -

-'energy stored in the rod pnor to the shutter belng actwated

B '_"'"whlch lasts for between 5 and 50 nanoseconds _'This depletes most of the'

* Flashlamp
- Pumping
“imseC Time
" Shutter
~~ Operation
' Time
Stored -

Energy

~ Time
Laser

~ Activity

‘ Time

= I"lgure Al8
Plot Showmg the Operations of Q Switched Laser Relative to Time
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A simple laser cavity as shown in Figure AL.6 can generat_e' coherent hght

in  a number of - different -transverse and lon'g'itudinal modes -

L SImultaneously durmg Operatlon It will OPerate at several dlscreteii.'_
CL wavelengths which are a function of the optical cawty wavelength These =~
i i are Spaced at wavelength intervals of 7\‘2/211 where. 7\. i the mean laser .
S _'wavelength and L the’ opucal length of the cav1ty The longitudmalf

AR .modes aﬁ‘ect the llne vsndth of the laser outPUt as shown m F1gure Al. 9

Resonant

i

| AWave[e_ngfﬁn o

~ Fluorescence S
- of laser AMPLIFICATIO

material - ' : '
THRESHOLD LASER LINEWIDTH

o - — -

o FLUORESCENCE
A LT NEWIDTH

AWavelength — -~

Laser
Output

A Wavelength

!

F1gure AI 9
Output of a S1mple Laser W1thout Mode Selection
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= The transverse modes influence theé intensity profile across the beam and =~
‘the eventual phase characteristics of the output beam." A multi-transverse

beam is ill defined in phase and intensity, Figure A1.10, shows the_ '
B y 'fundamental transverse electromagnetlc (TEM) modes of a laser beam

. . Figure A1 10 _
Energy Distribution Produced by Transverse _
Electromagnetlc (TEM,,.) Modes and the Assigned Nomenclature

——

To reduce the number of oscillating longitudinal modes of the cavity a
wavelength selector is introduced. The most commonly used are Fabry-
Perot resonators or Etalons, which are either intra- -cavity devices or
“resonant output reflectors replacing the output mirror. In principal they
are transmission line filters which because of the proximity of cavity
m_odes must be thermally controlled to preserve 'op'eration_- Figure Al.11
(a modiﬁcation' of the diagrams presented by Lengyel [56]) shows.
diagrammatically the operation of a Fabry Perot etalon. Both surfaces of -
the etalon are semi-reflecting (60%R) and prov1de a resonant structure
" whose wavelength can be altered by introducing tilt.
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Transmission
) Mode. .

- Flgure AL1l
- Single Transrmssmn Mode Selection of a Fabry Perot Etalon T
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I, 'Imtlally the etalon ig’ al1gned normal to the transmltted beam T11t 1ef_-'::j;?__"'-:

| " introduced by a micrometer onto one of the axes of support thereby "

_ changing  the relatwe pathlength between the two reflectors.
) Consequently only one of the laser Wavelengths can mutually regonate

ER _mthm the laser and etalon caV1t1es _In practice the quality or finesse of

' ‘the etalon” necess:tates two bemg used, ‘one as an mtra-cawty dev1ce the

" second’as the output mn'ror glvmg a reductaon in tranSmxtted energy :

typlcally by 50% Control of the temporal coherence 1s effected by the_"jf o
B 1nclu51on of frequency selecung etalons L :

Spatlal beam control of a ruby laser 1s achleved by mserlnng a 2 mm .

4 '-i-:--'_aperture 1nto the resonator The smgle mode has" a Gaussmn beam"""'."

}mtenmty proﬁle and consequently a umphase wavefront Agam thls
produces a reduction in the output energy, unfortunately, no advantage is
to be gained by increasing the lager rod diameter above 6 mm (1/4 inch)
to increase the coupled energy. The' output beam- divergence of a. TEM,,
laser 1s diffraction hmtted TEM00 performance is achieved i in practice and

- .the dlvergence of the output beam is increased because of the inclusion of .

~ beam expansmn optrcs ~These lenses are used to expand the oscillator
. output pnor to the arnphﬁer to’ improve the saturatron of the amphﬁer
rod and increase the amphﬁcatlon factor to =40. No collimating optics -
are used after the telescope, at the laser exit the beam output diameter is
approxunately 10 mm, '
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APPEND.'IX2 S
' SPECKLE IMAGE FORMATION
 AND _CORBELAT_IQN INTERFEROMETRY

o A20$p_esﬂsl_e_l’attennl‘.czmatmn_'l‘hcoﬂ

”"_Goodman [57] consrders the autocorrelat:on functlon and power spectral:
r_'den31ty of the second order stahstlcal propert1es of speckle he."ﬁf

]denvatlon for a umform and sQuare plate area L X L metres y1elds

1(Ax Ay) the autocorrelatlon functlon to be, S T e e o

Z o

The average size of a speckle being Ax and taken When sinc® (LAx/Az) first
_ falls to zero. This distance is denoted as ox and z is the dlstance from
the mmdent surface to the observatmn plane and ox and i is gwen then as,

= lz
' _(A2.2)

B McKechme [58] prowded an expenmental 1nvest1gat10n of the mtensxty

- gtatistics of a speckle pattern, follomng on from the work of Dainty [59], _

and estimated the Vprobablhty dens1ty functions of the intensity of the
speckle pattern with 23,000 measurements. These results verified the
negative exponential probability density function of: '

p(I) = 1/Ie™ N _' . (A23)

- where p(d) is. the speckle brightness probabxhty, I0 18 the average
bnghtness, I the actual brlghtness

. Ennos [60] proposes the 1dea of two types of speckle, chectwe and
subJectlve, to wh1ch he suggests dlfferent speckle size. |
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A ﬂat screen held at a dlstance (L) from the ﬂlumlnated surface will have_ S

a speckle pattern progected onto it. The average size of the -speckle. - .

"7+ depends upon the angle- subtended by the screen (oe) "For a c:rcu]ar_":
"E"'f.'-'-,"_'.'_,111ummated Patch cf dlameter (D) the SpeCkle d1ameter (0'0) formed at thef,-f_

. screen ﬁt dlstance (L) when 1llu1mnated wrth hght cf wavelength ?L w111
‘-:'--be glven by . R T L _

——E

R

If a screen W1th a hole in 1t is now mterposed between the viewer and"" E

- the surface and if the hole is small (say 1 mm), the speckle size observed
" is large. Any 1ncrease in the size of the aperture w111 reduce this size.
' See Flgure A2.1. ' '

' ’I‘his speckle. type is formed by imaging a __cpherently {lluminated rough
_ surface with a lens. - It is a high frequency modulation of the intensity
~ that would be obtained if illuminated with incoherent light.

‘.‘ The average diameter (a,) of this speckle type is given by:

G, = 12(1 + M) AF o (AzB)
~ where M is the magnification power of the lens, F is the aperture ratio of
the lens (i.e. F number), M = V/U, where U is the object distance and V
the image distance. The subjective - speckle is the equivalent of the

objective speckle that would be generated 1f the lens pupil became the
scattenng surface See Figure A2.2,
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_Figui'e A22
~ Subjective Speckle
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.-'fj__The bnghtness d1str1but1on of a speckle depends upon whether or not 1t is ’1--' S
- fully developed ‘A fully developed pattern is' obtained only when all the- <
waves contnbutmg to a partlcular speckle are coherent and 1mphes that

the surface must not depolanse the l1ght Should a depolansmg surface

:_.:',-be used the speckle ‘derived can  be. con81dered as the. mcoherent':;_,f_,

o superlmposmon of two- mdependent speckle pattems, mutually polansed'

t r1ght angles to each other

-_-"In the case of a fully developed pattern, the most probable bnghtnessf"rr -

‘value 1s zero, thus there w:ll be more dark speckles than of any otherf‘-;ir_-:'__._‘_r_

bnghtness For .a partlally developed pattern, ,the ‘most - probable .

—"*':bnghtnees value is- half the average bmghtness Experrmental work':_; -T::-E 5:'_

"'camed out on the surface finish - of an obJect for laser speckle_

substantiates this theory Shot blasted surfaces ‘which do not depolarise
the light give fewer bnght speckles than a silver pamted surface whlch -
~ does gwe some depolarlsatmn to the returmng object beam ' -

’ Tyrer [61] 1dent1ﬁed matt s1lver spray as. a convement matenal for both o

SpeCkle ‘and holography provxdmg little depolansat:on good *surface

reflectivity and reduced flare when compared with bright metallic surface
"ﬁmshes. Matt white paint is anothe_r popular surface finish but this will
‘depolarise . the returning “object wavefront, thus providing undeveloped
speckle patterns This leads to & lugher noise term in the object beam
" because of the reduced interference term relattve to the apparent object to
reference beam ratios. Experiments were undertaken in which polarising
filters were attached to the imaging lens of the ESPI systems matched to
the reference beam polarisation.‘ -This produced improved fringe contrast
‘when compared to the unpolaris_ed object beam from matt white painted
surfaces. The use of shot peening, bead and sand blasting whilst yielding
good _reﬂectivity with reduced flare, introduced changes to the surface
material characteristics of the 'component under test which rendered these
techniques unsuitable, ‘Burch {62] considers the brightness distribution of
~ fully developed speckle patterns when combmed w1th a uniform wavefront \
N and derlves the expressmn ' ' o
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P(I)-(z/lo) exp - 21/10)] (2 21y (A26)

This is ’ilrlustrated'in Ffigqxe A2.3 R

e Brlghtness probability of
a single speckle (A2.3)

A Brightness probdility of a |
‘single speckle combined with a
- uniform reference beam (A2 6)

P (1)

05 15 25 1

Flgure A23 _
~Plot of the Probablhty Densﬂ;y Functmns of the
_ Brightness Distribution of Equations (A2.3)_and (A2.6)
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g Jones and Wykes [25] denve then- formulatxon for speckle s1ze fromf

Goodman (631, they define the subJectwe or: 1mage plane speckle size as
" twice the ‘resolution limit - of a lens system as deﬁned by dlﬁ‘ractmn
' theory, ie o ' ' '

LAl e ; ._..__:A;(Ag.';) S

o where V g’ the dlstance from the lens to 1mage plane, a the d1ameter °f -

L the lens aperture

s They alsQ_'p:repese'ﬁthe_ mlmmum specklesme wouldbegwenby‘ ‘ S

Omin

i

| .(A‘2.8) |

: Born and Wolf [64], suggest for coherent systems, the 1mt1a1 resolutmn_

'lumt may have a larger numencal factor 1 54 mstead of 1.2'as suggested S
' by Ennos in (A2 4) They ge on to stabe that the factor is somewhat

. arb1trary dependmg upon the form of the object, aperture and sen51t1v1ty :
- of the imaging transducer. Mendoza [27] points out that the television
camera imaging surface is non-square and the asymmetry of the
photodetectors (whether CCD at ~17 x 9 pm or scanned image tube 23 x
15 pm} means that the resolving power is different in the hdrizgntal and
vertical directions, Furthermore he states that with the téndency for
ESPI systems to be operated at apertnre levels larger than defined by any
of the suggested theories, then "...it ‘can be safely said that due to the
presence of high spatial frequencies dominating the complex pattern of |
interference and thus the 1inability of the system to resolve it, the total
intensity present on each pixel is averaged to give a mean.intensity per
pixel”..
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* This- statement is~ substantiatéd by “the author who™ has successfully

operated speckle equipment with aperture ratios of F1.4 and a 50 rhm S
focal length (V) with the obJect 0.5m from the lens (U), and A = 0.633 pm o

_Applymg these parameters to the vanous models presented gwes the o
”_{‘__”follomng ' | e

e '_'._'_'_-Equatmn (A2 5) y1elds css = 1 17 um w1th a = 35 7 mm and M 0 1
--'Equatmn (A2 7) yields cs = 2 12 pm. o PR A
e Equatmn (A2 8) ylelds Og = 089 um S R

"-":_‘Born and Wolf modJﬁed (A2 5) y1e1ds cs = 1 50 pm SR

o : Obwously there is szgmﬂcant vanatmn _between the models, wlnch in

o 'practmal terms do’ not appear to 11m1t the 1magmg capaclty of the system.
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By appreclatmg that the 111um1nat10n of the surface need not be restncted

to a smgle beam, Leendertz utlhsed one of the ‘unique attrzbutes of

- correlatlon mterferometers, that of sens1t1v1ty to a smgle m-plane vector
See F1gure A24 e o L

.j_ 'f‘I‘he surface is lllummated w1th two beams denved from the same laser_;__:_f-'

. 7"source One beam can be con31dered as the obJect beam, the other as the .

... reference beam, in thls arrangement the surface 1llum1nat10n is composedj

_“""_of the resultant mterference fringes.- The fnnge spacmg of these frmges"--’_:_: '-{i

s centrolled b‘y the angle between- them and the axis of the fringes is’

along the bisector between the two beams. The surface of the object is o

illuminated with these interference fringes and the derived speckle
“pattern is d1rect1y influenced by the 111um1nat10n intensity pattern. The’
| speckle pattern 1s recorded and the state of the surface is modlﬁed =
" resulting in. dlsplacement thus the correspondmg speckle traverse across
the zllunnnatmg frlnge pattem The intensity of any one speckle will

N vary cyclically across the traversed frmges If any msplacement occurs to

the surface in the other 1n-p1ane vector or along the bisector of the
included angle (usually the viewing ams), no change will occur to the
illumination 1ntens1ty and produce no change in the speckle intensity.
Consequently the sensutwlty is totally independent to motion in these
other two displacement axes. Hence there is no need to undertake a
_generalised analysis in order to extract any slngle displacement vector
(see Figure A2.4). '
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. Hlumination Beam 1
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T No sensitivif}' : L
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. o Illuminat_ion

Figure A2.4
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o F1gure A2 5 shows an arrangement that is senmtwe to dlsplacement along

. _the. camera ams The figure is.a schematlc, but the sen51t1V1ty will ‘be- o

S controlled by the angle between the camera ams and the 1llum1nat1ng .

G of plane sensﬂ;lve system

" ',source The source co1nc1dent w1th the camera axis produces a pure out

" d : A A= waveleng’m of laser -
(1+cosf) - -d = dtSplacement and along ax:s-
. lnd:cated
Figure A2.5

Sensitivity of an Out of Plane Interferometer

If the geometry of the system departs from this, with either or both of the
v1ew1ng and 1llum1nat10n directions angled to this axis thlS general vector
equation holds: '
o= (n0 - ns) d 2__ where n0 = 1llummatxon direction -
' A 'ng = viewing direction
d= d;splacement _

231



. Even 1f the 111u1mnat10n vector is rotated toa mammum of 15° ‘and the
: v1ewmg vector is as shown, the system retams maximum sens1t1v1ty'
This allows for practlcal expenmental layouts w1th maximum light
'eﬁimency R ' - |

A2 6 enables the object 1llum1nat10n and 1magmg to be ach1eved w1th the
- same 1ens Wlth this arrangement a xmcroscopm obJectwe could be used to S

| A denvatlve of the out-of-plane system developed by Herbert {65], : Flgure

: examme areas 1 mm2

el o Ubjie;f eurfd;e:_' L

Tlumination and 7

Fotusing lens * viewing objective

" Incoming object illumination
beam

-

Semi silvered m_nrror

Rotary ot‘reouotor i Ao

n ~ Expanding . - Pinhole
lens : : ‘

Centre tine of optics

Rotary attenuator Expo_nding lens

Pinhole o .
‘—M Beam combmnation
—f T wedge. '

Incoming reference

beom Lamera tube -

 Figure A2 6
Speckle Mlcroscopy Optical Arrangement to Invesingate
. Small Areas of Surfaces
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' In intensity interferometers, one rneasures two inf»enaities I, .and‘ I, (the

-subscnpts refer to e1ther different t1mes or pomts in space) and forms the_- |

R average product As was shown earher 1n a complex Gausman system (1)_,-7

s ';.':glves, SO

. 'When cons1der1ng the speckle case the object wave phase 1nformat10n ¢o is -

_T;:___"f_composed of the obJect speckle pattern phase ¢os and a random. L
: background speckle pattern phase ¢z The latter usually remains constant L

-7 providing the eurface ‘doés not decorrelate the speckle. pattern Therefore"i:

| the obJect wavefront can be descnbed as earher (8) as:
Uixy) = aey) exp oyl ®
~ and the total Irradiance O eeen by__'th_e recording .devi.ce is; _-
S I=UU.

where Uis the cornplex amplitnde and U’ is its conjuga_te.' :

In th‘ls case we have two wavefronts combmed one reﬂected from the
obJect the second the reference beam. The reference beam may be a
uniphase spherical or collnnated beam, though speckle reference beam
from scattering surfaces have been successfully used. Assuming both

. beams to be linearly polarised, or have polarised content then -

. .I=_|Uo+.UR|2. _ _
= (U, + Up Uy + Uy) : (A2.9)

the subscripts 0 and R refer to object and reference wave ampiitudes.’
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o -_’--As'susssg‘ that Uy wil héve 'i—,s;e' samo "fons 'sé'U;i s T

- =| ao(x,y) exp o¢o(x,yn + an(x;Y) exp s¢R<x,y)] I= (Az 10)
e Droppmg the pos1tlonal 1nd1catore o - o

I = [a0 exp;d)o + ag exp]¢nl[a° exp(-]([)g) + aR exp(-;tbR)] (A2 11)",:_'_.3“:1. B

_I = o + a’ + aip [expi@o - 0) + expiGn - 001 (A212)

<= 302 + aR + aoaa [eXPJ(¢o - (bs) + eXp('J)(¢o ¢’R)] (A2-13)' in
I_ = a? + a5? + 2a,8y €08 (¢, - 0. SEL e 1_(A___2.14’) .
1__ L+k+ 2\l_ I,;t cos (b - ¢R) - S (218

{ Assume ‘Il to represent the wavefront of the surface at the 1mt1al or
- rest cond1t10n and I, to be the Wavefront after displacement. The detector
(the television camera__) will record the 1nd1v1dual,mtens1ty s1gnals and the.

| _ __iixitial image I, w111 be retained w1th1n the ﬁ'ameStore Subsequent to
y storage of I,, the electromcs automatlcally sthch to the subtractlon mode,

where the current television p1cture is subtracted p1xe1 by pixel from the -
stored image. - Thus the output signal will be proportional to the
- difference between the two mput ‘signals.  Let V, represent the
| consequent1a1 voltage produced by the v1deo system to the input I and V,
the response to I2 then Vj represents the subtracted output voltage;

V5=V1'.V2a11'12
let Qo dn=¢y rem: G = o+ ¢s
| Vs =[I; + I0 + T, cos(¢ )l - {IR + Io + 2 IRIo cos (¢1 +89)]

4219 )
= 2\/I_RIO[cos ¢1 - cos(d, +A¢)]

= 2\/—1110(-2) sin ng,_-r_gg 4 Ag) sm M, - AQ)
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 auenGsransncen

= 4/TL sin (y £ A0) sin (A0) 421D

: 3 '_- _Tlus y1e1ds both poeltwe and negatxve voltages, however the v1deo systemf{ =
;.7'__7:_._-responds only to posltwe mgnals, therefore to: malelse the Output signal
" the’ subtracted result ig as51gned absolute values Prewously it had been".j_i'_':’_
L assumed rectlﬁcatmn of the s1gnal would be satlsfactory however thls has
L _the effect of- doubhng the spat1a1 frequency of the s1gna1 The present'__
. system developed. by West at' Loughborough ut1l1ses this - advantage of - .-
jdlgltal electromcs to assign absolute values and thereby retain the =~

“ ' original spatial frequencies. Hence any p1xel output voltage or. bnghtness' .

(B) is proportional to;

CBalLlsin' @, +A0)sin A - (A218)

'thus B wﬂl be maximised for ¢ values of =, 3, 5r, ete. and Will-- be
‘minimised’ for ¢ values of O, 2r, 4m, ete. Thus the zero order fringe:
pattern will be dark. and the consequent frmges w111 be modulated with a
'. sme2 function. For maximum correlation then, ' :

| A = 2m + 1)rw, where m is an_integer number;
i.e, displacement (d) for an out of plane system is given by;

d=(m-12% for n bright fringes,

- and for minimum correlation, A¢ = 2mn ie. when

d = nA -~ for n dark ffinges .
9 | o
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For. strbbosédpic and double pulsed-syStéms I, will be'combined ‘with I2

' This will unfortunately mean that any background noise terms w111 not be =

'subtracted The output voltage Vs w111 be g‘wen by, S S e T e o

VS = V1 + V a Ix + Iz ::::':' R
K = 211 + 212 + 4\/_ Iz[COS(¢1) + cos (¢1 + A¢)] o (A2 19)" SRR

i _ 21 * 212 + 4F 12[2 cos(q_>1+¢1+ A¢) cos(¢ 1) (¢1+A¢)]

WA o A b
= 2, 4 2L, + 4/TLlcos(®, + AY) cos(-Ap]
| ._1 . 2. 12LC08 ‘ —f(t 5. (A2.20)
Usiug the same processing elecfronicé-to process the sig.'.nal,"f -
 Bua Illguusz'(q)i +.A9) cos? (Ad) g} R (A2.21) |
B.... will be given with o va_lués of 0, 2m, 411':, ete.
B, will be given with ¢ values of , 3r, 5=, ete.
‘ie. the zero order fringe will be brighf as with holographic interferometry

¢.f. (38). Though the background signal level will be higher than with
subtraction leading to a reduced fringe contrast.
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= ',,_..'Assurne an average speckle d1ameter of 1 4pm, (th.lS value belng the average

o " of the four values on Page 228) and pixel size of 17 X me then each CCD

. " plxel element could contam =100 1nd1v1dual speckles mthasystem operatmg
-'atf14 L : : o

o ;'However, equatxon A2.16 is vahd only when A2 15 1s conszdered for a s1ng1e
p1xe1 Thus a modlﬁcatlon to A2 16 1s requlred S

100
V Z [IR + Io + 2nRIo COS((I)]_)] EIR + Io + 2“12 + Io COS(¢1 + Aq))] ‘
S 1—0 _

i 100

2 4ﬂRIo sm §¢1 w sm (_@ R MDA NSNS S
ie0 e e (A2.29)

Goodman (5671 suggests the r. m.s mgnal tor noise rat1o of the 1ntens1ty can be
- considered to vary with the [M]% where Misthe number of Speckle correlation

“ cells mthm a measurement aperture Wlnch 1n the case above Would y1e1d an

o SNR change of’ approxmlately 10 thls is ‘shown’ expemmenta]ly in Flgure

A4.2, Burch [62] exannnes the gamma vanate from Raylelgh and denves a
'faxmly of curves whlch demonstrates th;ls functwn It is suggested that for
the double pulse mode, equatlon A2.21 could be modlﬁed and be of the form,

F(A9 ) = %2005 (6 + A0 + a) cos (AQ)
: : 2 -2 2 . (A2.30)
where a; takes the values O and % 21/3 used for the phase stepping, and 1 is
- the speckle number. In the limit all thecros_s products would tend to zero and
the cos? terms average toward 0.5. If the speckle number is 100, then a 10%

~ deviation will be expected and this could be different for each of the phase

| steps leadmg to uncertamty in the final deduced phase angle. Thus the fringe
accuracy can not approach that of conventronal mterferometry, Kohopoulos_
[75], suggests at best N3000 achJevable, practlcal opt1cal test ﬁgures of 7\/100
to N300 and in workshop enwronments A20 to 7\/50 '
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~ As with hologfaphic interferometry.if the surface oscillates sihpsoidally,”.
- the pos1t10n of any pomt on. that surface can be determmed 1n tune by

S __(22)

The response of the s11ver hahde emulsmn when mtegratmg the ob_]ect o

wave w1th an exposure g'reater than the penod (1:) of the wbratmg surface ' .

_1s then taken from (26) :

B
Using speckle correlation the general form of thlS equatmn is modlﬁed
when combined with (A2 15), :

where the phase term is now modified by the Jf_ term from the__'vibrating
surface, o ' '

Cthus I=1Tp + I + 2VTL cos(d, - 0x)d2 [zl  (A2.22)
B | . |

or the phase of the returning object wavefront will be modulatéd in time
as: '

AY(E) = Apcos @t . | (A2.23)
thus (A2.15) modifies to;

KO = LIy 2T cos0 - 0p + AD cos @f)  (A2.24)
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 Combining (A2.24) and (A2.25%

_This'cari'égain‘- be e\':rah'i'aitéd' usiflg thé Bess'elrljﬁlhct'ion,'":ﬁ.': _.: .:.

r2~ é‘m“é““-da~J(x)
271: Jo_.._ :

Jo(i)“"' 1 fz" exp J(x cosa) da e C(a22m)
B R P IR e
-thu.s. (A2.26) reduces to,
B ='I; +1y +’2JTOIR-J: gex_nzT) cos(@, - ¢g>. o "(Az.zs)..

' The values of 2(x) are plotted in Figure A2 7, Wlth minima at 2. 40 5. 52
etc. and ma;nma at 0, 3 83, etc
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5
X Radians

Flgure A27
Plot of J,*(x) against x
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APPEND]X 3

O EXPERIMEN’I‘AL VIBRATION STUDY USING TIME-AVERAGED

ESPI ON A CLAMPED SQUARE METAL PLATE

B As d1scuesed in Holographzc Interferometry, Chapter 2 companson can be )

_: 'made ‘with theoretlcal models In this mstance the ﬁrst s1x modes of the
S plate are exarmned and a study made of the results : e

A3 o hggrgj; ical Ma ysis

_The followmg result is drawn from [41], Whlch proposes that the natural-j_? -

- n 'frequencles for a fully clamped square plate are gwen by,

Natural Frequency =B F B2 Hz
, . o pL“(l—\.r)2

‘where; E = Youngs Modulus (Nmo' )
. : . t = thickness (m),
p = density (kg m'®), :
. L = length of side (m),
e v = Poissons Ratio. ~

B is a value depen'dant upon the 'ir'l.o'de'numbef of the solution. -
For this experiment, the first six modes were cons1dered, the
correspondmg values of B are given below o

‘Mode . Value of Q

1 10.40

2 21.21
3 31.29
4 38.04
5 138.22
6

4793

The material use'd was an 18/8 stainless steel with a Poisson ratio of
0'30' . - . : -
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S E=201x10° Nm,  t=0001m,

P =TO0Kgm', L= 0162 m
'.'__fn_.g B0 % 00 H

21: 7900 x 0. 1524‘(1 0 32)

Usmg t}us value,_a table of the ﬁrst sn: modes can be constructed as

: ‘{_[":55'.;"‘ishown in Table C. | o AT
S Mode B Natural FrequencyExpenmental Result

Hz
1040 R 400
Cmiar o wes . 730790
73129 1184 T 1180
8804 1378 1325 .
38.22 1385 - 1350

T ot o

: ars v 1700

'. o Table C. Companson of‘ Expenmental and Theoretlcal _
Resonant Frequencles of 150x150 mm Clamped Metal Plate

Flg'ure A3.1 1llustrates the mode shapee The matenal used was rolled-
-sheet stock stainless steel and therefore has a preferential rolling axis
which is an important factor 1n_ the asymmetry of results produced of
‘Mode 2. Rather than provide a complete modal analysis, the purpose of
the experiment was to demonstrate the quality of fringe patterns using
ESPI  compared with Holographic .= Interferometric  experiments.
Furthermore, with suitable refinement of technique and model, a direct
| comparison between model .and experiment is possible. One adva'ntage of
ESPI is the ability to visualise '. coupled modes which theoretical models
have difficulty with. This is due to the requirements of specific material
~ variables, definition of actual boundary  conditions and very high
computetional overheads. This work has been further investigated by

Shellabear and Tyrer [42] in subsequent three dlmenswnal wbratlon'__-. -
analysis studies of thJck cylmders |
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_ ~ Figure A3.1 |
" Clamped Metal Plate Mode Shapes
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T | APPENDIX 4 B e
_ ; NEW ESPI PROCESSING ELECTRONICS

| _A4 0 Descrmtlon of ayllght Immunity T Device L ', _
o 'I‘here are two sectlons to the Dayhght Immumty Dev1ce (DID) the ﬁrst half B '

- 1s concerned wrth synchromsatlon and blankmg, the second half w1th mgnalt;.'.‘__n__ 4.
e cond:tlomng The video i 1mage is fed d.lrectly to the synchromsatlon part and:_'_ g
s black level clamped ThlS clamp is sufn'clent to cope Wlth the. large ":;'{ -'

- drﬁ"erences m 1nput 51gna1 level The sync pulses are detected by~ a'ii"f -

o ?..",:',comparator wh1ch can: produce the necessary front and’ rear porch of the't"'-'”“_
5 ':'-'-."ii'blanhng pulses The levels are adJustable and allows the tumng to be set for b

. - both RSl70 and CClR v1deo s1gnals a descnptzon of UK standard vrdeo is
" given in E&gure A4 1. The output of the comparator provzdes a P‘ﬂse of thh

detection of the leadmg edge supplies the blanking for the durat1on of the
| ‘sync pulse and back porch The tra111ng edge prov1des the duration of the
. front porch’ and sync pulse By overlappmg the two blanking pulses no.
: 1nstab111ty arises in the blank:tng sngnal ‘These signals are combmed ina

”i_'nand gate, a further nand gate mverts the sync pulse to prov1de composnte S

- sync at T’I‘L levels

- The vrdeo component of the sxgnal is fed wa a buffer to the ﬁlter c1rcu1t where o

itis amphﬁed and mverted “The gain can be adJusted to compensate for the
actual 1mage reqmrements and an offset allows 1ndependent ad_]ustment of |
“the video 51gnal with respect to the blankmg and this prevents negamve wdeo
signals. The signal is then inverted to ensure correct polarity and sets the
output threshold to within 700 mV (the video s:gnal component of the 0- 1 volt

' compcs1te output)

The synchrOnisation pulse 1s then added to provide the working signal for -
input to the fram'estore The elernents of this self contained unit for"med the
bas1s of the modular concept wh1ch is attached to the computer based
' framestore systems Modification to the ﬁnal stage of the system requlres the

. internal sync oscﬂlator of the framestore board tolock the pre-processor to the
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" framestore ensuring improved stability of the fringes.

B Fxgure A4 2 shows the video level of a fnnge pattern usmg no pre- or post-
L processmg The frmge pattern is formed by the subtractlon of a pure speckled
- ‘"{-':-'v1deo 1mage and a modulatzon depth of approx 10% is apparent Flgure A4 3

_._f}"shows the same component @ cantﬂever bend plate) usmg the ﬁltered and
. _'_:amphﬁed arrangements on the FOR—A system Wlth an output modulatlon
o __'. depth of, at best 35% Flgure A4 4 shOWS a V1deo prmt of the fnnge pattern
"’"{j_‘:‘_'_'j'w1th umty contrast and brlghtness (the comparable result w1th no v1deo

o o processmg Was of 1nsufﬁc1ent quahty to pnnt) Flgure A4 5 shows the results _
. of the DID apphed to a FOR-A system, full modulatlon of the output 1s
achleved The results obtamed were for a7 fnnge d1sp1acement and the v1deo
. 'llne shown is l1ne 353 The correspondmg result Flgure A4.6, shows this
 .visually. Whilst acknowledgmg that the underlylng speckle frmge pattern
” modulation is low (approx 10%), the use of the DID prior to the framestore
| .ensures optlmlsed use of the grey levels ava11able w1th1n the memory
A41 Results B o | L -,"..E‘J?;‘l‘ﬂgtl’uﬂi‘“ 1% .9‘”“

L f Line sync 25015003 L
Line hme reference pD. int . Line blanking 300+100ns l
: White level

- ———— o, —— —t o — - —— et tm e e — - -_——

tlee

blanking,,.|

12.05ps¢
250ns

A

0.7VE20mV

1 SSps"
T 250ns
Front

-TTTT _BTa;kmg andbtckieer ~1 ===

5.8p52600n%
Back porch

Syng tevel

_______ - ____.'.....__l. f.___._-

4, J'ps*lOOns sync

F1gure A4l

A typ1cal line waveform of a TV signal. At the end of each line is a -

" gynchronising pulse. The amplitude of the analogue video waveform
corresponds to the picture bnghtness at any particular moment. All levels and
waveform timings must be precise in a modern TV system. T1rmngs are for
UK 625-line systems »

- 244



_.;:"}":fau's

i34

. TIME:@0
208myU

100 PR2 99
59

o B

emmwmmamnd] T

bk SRS TR TR T S S -
1 ' | :
i h 1 i
L H 13
1 1 + 1
1 1
L M 1
. _. ] H
........... [ PUPN: SRR, QUSRI |
S H ¥ : H
cre B b H
iE 1 r 1
: . 1 R 1
! it 1 v H
i fy i H +
Tt : 1 H
baeoenn R s Lo T 1 et e S Rt |
, H o : : o ] :
: Cn T 3 ] " i ] o
D 1 H N ] ' .
i H ] H [ e '
: e . - “ H H i
: [l 1 ] i 1
L T IS Tt SRS, B e - i LTSRS S i
H ' o 3 ¥ H 1
: . ¥ . E o H
: Lf : 2 - r
o i 3 ' i
' i ' N H B !
: ; ' ' H
: . [ H H [ !
Vi N I - Brmmmtamde D L LT iy J A [ . [P
. H v ' A H 1
i . L ] 1 v
: N H 1 H H 1
i I H " ' !
: e i ! H 1.
: : : 1
¥ . : ! i i
i L —+ T S S
N . H o H L B H
; S e ' ' 1 [
B H L 3 1
! it i -1 H '
o . [ [ S H H
i R ' - a
. .t sqmmmmma- e B SR, T m——— R s -4
He ' . Vo
- . ' 1 M 1
1 O Py 1 i 1
PR SN . I ’ [
P H . [ . "
T A [ ' i I
. i, hennuuan [ —. RO I VR RS -HUPR I | ESURER—
- i - [l ! +
E : S 1 L [
. ] T
. . LI 1
S . -3 S H
. . ; i- ; I
R 1 . B H
-1 ¥ [
. . | PR J S .— lllllllllllllll [T pya——
. . v ¥ : '
- : 1 L 1
. L L} n
e el T 1 1
. . I 1. . 1
. 1 o - H
e , R H T H
e —— dm e bt . + L -—
- . s LI 1 4 ] e
.. - H ' ' A H
: : I H ' . 3. '
D . : LI 1 1 . i 1
kR R P H 1 S !
N . [l ¥ + 4 - o
L TS L LT T T o R B P Y 4
B .. N t B
. F ! |

2

245

Figure A4
and no Additional Video Processing

Video Level of a Seven Fringe Displacement Pattern Formed
by the Subtraction of two Phase Referenced Speckle Patterns
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