A HOLOGRAPHI C M CROSCOPE AND A METHOD OF HOLOGRAPHI C M CROSCOPY Techni cal
Field The invention relates to a hol ographic m croscope and a net hod of
hol ographi ¢ m croscopy and 5rel ates nore particularly, but not exclusively,
to an in-line lensless digital holographic mcroscope and a nmethod of
in-line Iensless digital holographic mcroscopy. Background
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t he advantage that the distance fromthe object to the transducer can
be mnimsed, allowing wider field of view, higher imaging resolution
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aspect the invention proposes a digital holographic mcroscope with a
spatial |igfhmapdul ator provided to nodul ate a reference beam This may

have tibe advant age of. a} | om ng control of the reference beam
In generalMerms in a Tirst aspectthe invention proposes a holographic microscope with a

diverging beam illumination source. This may have the advantage thaf the hardware
configuration is simplified and/or reduced in size by removing the need for lenses. Because the
components are able to be placed closer together, the numerical aperture may be increased
which may resuit in improved lateral resoiution, depth resolution, and/or reduced twin image

25 noise in the reai image piare.

In a second independent aspect the invention proposes an in-fine digital holographic
microscope. This may have the advantage that the distance from the chject to the transducer

can be minimised, allowing wider field of view, higher imaging resolution and/or higher phase

30  sensiivity.

in a third independent aspect the invention proposes a digital holographic microscope with a
reflector provided on an external surface of a beam splitter. This may have the advantage of
allowing more compact hardware.

35
fn a forth indepehdem aspact the invention proposes a digital holographic microscope with a

spatial light modulator provided to modulate a reference beam. This may have the advantage of

allowing controf of the reference beam.



The four independent aspects may be al so conbined in one or nore
conbinations. In a first specific expression of the invention there is
provi ded a hol ographic m croscope 5conprising: a source configured to
provi de a divergi ng beam of radiation, a beamsplitter configured to direct
a first portion of the diverging beamtowards an object and a second
portion of the diverging beamtowards a reflector, the beamsplitter being
further configured to direct an object beamfromthe object and a
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beam i nci dgnta@melsiBal TRNBIEWERPe may be lensless and/or the diverging beam may be
unfocussed. The fransducer may be a Charge Coupled Device (CCD) digital image sansor. The
reflector may have a refiecting surface configured to be transverse to the diverging radiation
beam to retiect the second portion as the reference beam. The microscope may be an in-line
20  digital holographic microscope. The reflector may be a reflective coating on a surface of the
beam splitter distant to the source. The refiector may be a spatial light modulator.

in a second specific expression of the invention there is provided a method of digital hotography
25  comptising: '
providing a diverging beam of radiation,
splitting the diverging beam towards an object and a reflector,
directing an object beam from the object and a reference beam from the reflector
towards a transducer, and
30 providing a signal indicative of the interference pattern of the object beam and the

reference beam incident on the transducer.

The method may further comptrise processing the signal to determine desired characteristics of
the object. The processing the signal may comprise:
35 storing the signal in the form of a digital hologram,
zero padding the digital hologram,
determining a reconstruction wave,

determining an impulse response function, and
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The nethod may further conprise processing the signal to determ ne desired
characteristics of the object. The processing the signal may conpri se:
35storing the signal in the formof a digital hologram zero padding the
digital hologram determi ning a reconstruction wave, determ ning an inpul se
response function, and determ ning a reconstructed wavefront

based on the zero padded hol ogram the reconstruction wave and the i npul se
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10 The reconstruction wave is a converging spherical wave which may be determined according to

the opfical system geometry, for exampie the complex conjugate of the diverging spherical

reference wave.

The impuise response function may be determined according to:
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The reconstructed wavefront may be determined according to:
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20  Brief Description of the Drawings
In order that the invention may be fully understood and readily put into practical effect there

shall now be described by way of non-limitative example oniy exemplary embodiments, the
description being with reference to the accompanying illustrative drawings, in which:
Figure 1 is a hotographic microscope according to an exemplary embodiment;

25  Figure 2 s a flow diagram of a method of holographic microscopy according to the exemplary
embodiment;
Figure 3 is a flow diagram of an algorithm according to the exemplary embodiment;
Figure 4 is a diagram of a diverging-wave digital holography geometry;
Figure 5 is a schematic of the reconstruction wave:

30 Figurs € is a photograph of the experimental configuration; _
Figures 7(a) to (c) are images of reconstructions at different depths without zero padding;
Figures 8(a) and (b) are images of reconstructions at different depths with partial zero padding;

Figures 8(c} to (d) are images of reconstructions at different depths with further zerc padding;

Figure 9(a) is an opticai microscopic image;



20Bri ef Description of the Drawings In order that the invention may be
fully understood and readily put into practical effect there shall now be
descri bed by way of non-limtative exanple only exenplary enbodi nents, the
description being with reference to the acconpanying illustrative draw ngs,
in which: Figure 1 is a hol ographic m croscope according to an exenpl ary
enbodi nent; 25Figure 2 is a flow diagram of a nethod of hol ographic

m cr oscopy arg@@e@{bmg; (Hpartaf?&oggg@fmk alayegnmbodi ment; Figure 3 is a flow
di agr am of to the exenpl ary embodinent; Figure 4 is
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interfepence pattern between the object beam O and the reference beamR is
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At 202 a dlvergmg beam of radiation is provided. At 204 the dlvergmg beam is split towards an

object and a reflector. At 206 an object beam from the abject and a reference beam from the
reflector are directed towards a transducer. At 208 a signal indicative of the interference patiern
25  of the object beam and the reference beam incident on the transducer is provided for

processing. At 210 the signal is processed to determine the desired characteristics of the object.

The microscope 100 is housed in a casing 112. The #Hlumination source 102 may for example
be a diverging faser aftached within the casing 112. The diverging beam of radiation may be, for

3C  example, visible light, visible laser fight, UV light, X-rays, or visible blue light. The wavelength of
the light may for example be chosen according to the apptication and/or the required lateral
resolution. The diverging beam may be delivered from the end 113 of an optical fibre, where the
smaller the diameter of the fibre {for example in the order of a single wavelength} the greater the
cone of the emitted light coming through it. Therefore a smaller diameter fibre may increase the

35 Numerical Aperture {("NA”) of the system and thus the system resoiution. Preferably, there is no
tens at the end 113 of the fibre.



20 Figure 2 shows a nethod of hol ographic mcroscopy according to the
exenpl ary enbodi nent. At 202 a diverging beam of radiation is provided. At
204 the diverging beamis split towards an object and a reflector. At 206
an object beamfromthe object and a reference beamfromthe reflector are
directed towards a transducer. At 208 a signal indicative of the
interference pattern 250f the object beam and the reference beaminci dent
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Let (x, ¥) be the object piane and (£, 77) be the hologram plane. The diverging beam from the
fibre is divided into two parts called object O(£,77) and reference R(£,m) waves. The
35  hologram H(&.n), which is the interference of the object wave O(Z, ) and reference

wave R(£,77), may be represented as shown in Equation {1):



30intensity and/ or the phase of the reconstructed wavefront can be used to
determ ne desired characteristics of the object 104. Let (x, y) be the

obj ect plane and (j,77) be the hol ogram pl ane. The divergi ng beam fromthe
fibre is divided into two parts called object 0O(j,77) and reference R(, 77)
waves. The 35hol ogram H(,n), which is the interference of the object wave
0(j, in and reference wave R(j, , ey be represented as shown in Equation

R) y
(1: H((J _F 4 + b RSy r7). .12 +0 (J, V7 (4:, 77) + Q_J,
70*(77)(JJH&%£%§“%£QéHdZL%&%?Q ﬁﬁé%g (8%76%ET£6%€éfd$’the 0 and R "
respectiv h a C - I ane, records this
interfer eﬁ)ggrepgt fgréaﬁfrﬁ Q%ﬂ%’ Cﬁégggg%%%é%}?feﬁ%bg%]%askbrgs‘jreétﬁ)vre gsented as a
t wo- di nensi onal array of discrete signals using the sanpling theorem Let M

X N be thend @dnakucey Blaes holfgrapl X&leSre@brdk s %@e?@n&%a@t@?ﬂﬁ%&%é&%aﬁé%e 64 and
0 can be shown as in

AR , then_the digital,6 haologram H n) ,stored at 302, :

Equat i%n ’(’%3 Se ﬁp%ﬁin?eﬁ)aé{a M%?’?'?T%Oq(ﬂg%f ?5) Y £5°8E FIRs #RGE NRPFRPIMARIS I x r ect (
nb( 7777 (2)MI0WHerte: (OB mueperes eirtls ot e COBOwith dvragioanal sieconyehatizon and (a,
,61)E [0,1] are the fill factors of the CCD pixels. As the recording

di st ance TRt Y8 holpgiam fhighi FEOERG B RO Fer Basgkawn a5in Eqvater @ispondi ng
decrease in the reconstructed i nage size may counteract an increased
magni fi cati on. The process at 304 15may be inplenented by fictitiously

i ncreasi nghe b i.zet by er0- paddidng, %o, mitighterthe |oss ipn i mage
size. In tﬁé@xe@p@&iﬁgﬁ%ﬂﬁqf’ﬁpﬁ%e’%%ﬂg@@tﬁmg%wﬁ%gg’gi e al ong t e X,
and y di nensi ons change depending on the distance fromthe object to

t r and@ucethereTd reepentshes waalneskisna oamiogdon and (&, /)< 0,1] are the fill factors of
the CCD pixels.

As the recording distance increases, the magnification increases, but a corresponding decraase
in the reconstructed image size may counteract an increased magnification. The pracess at 304
15 may be implemented by fictitiously increasing the hologram size by zero-padding, to mitigate the

loss in image size,

fn the exemplary embodiment, reconstruction pixel size along the x, and v dimensions

change depending on the distance from the object to transducer. To keep the analysis concise

20 we present equations only for the x dimension, but the same equations hold for the y

dimension too. The pixel size change in the x dimension is shown in Equation (3):

Ad
M xAE

Ax =

where A and Ax arethe x dimension pixel size at the recording and at the reconstruction

25  planes respectively, 4 is the wavaiength of the laser, M is the total number of pixeis along x

direction and d is the distance from the object 1o the transducer.

in order to have equal pixel size at reconstruction distances cz’1 and a’z {d; and d; are shown

from the transducer fo the reconstructed image plane) the hologram size may be increasad

30 from M, to M, by zero padding as shown in Equation (4):



20we present equations only for the x dinmension, but the same equations
hold for the y dinension too. The pixel size change in the x dinension is
shown in Equation (3): Ad M23) where A't, and Ax are the x di nmension
pi xel size at the recording and at the reconstruction 25pl anes
respectively, Ais the wavelength of the laser, Mis the total nunber of

pi xel s along x direction and d is the distance fromthe object to the
transducer. In order to have equal pixel size at reconstruction distances
dl and d2 (dl1 and d2 are shown fromthe transducer to the
reconstructed i mage plane) the hol ogram size may be increased 30from M to
M' by zer§'QaudrmgstastiaHonretal Hqudt porendjhe promsried warRjrorde siteduct i on
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t he pi xel resFZ|ng effect of "reconstruction. 5 The reconstructi ng wave may
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zer o paddirAgre8énstt@nd Vb RFFAMIB et b aChORix@fsizk lo) the rélohdluBionbhddidia¥nbe used
to conpensate for this, so that overall pixel n nFer 05 t he hologramis
shown in E@fﬁlf@t‘i"6?:”0635‘5‘*.'“91%”(5@0'-09@2)t(yﬁ)fa\?\ﬁé@fe{%‘ﬁb/ e ddi sredfie esasiée ween t he
fibre andoihifldA0SACRlind bldat g Rib Q) e IBRLAAAL Lianal e2816, @addi ng
further conpensates so that the pixel size remai ns const an or different

| evel s of magnification. 15 Determning the reconstruction wave R* (,77)
at 306 may be inplenented by calcutatingthe conplex conjugate of the

di vergi ng reference wave. Theﬁkﬁqugfggcgfdﬁ geonetry is shown in Figure 5.
The reconstruction wave is determired 9 calculating the reference wave

from optigal, BeOURlYarB0HethDEMAS A UhAH2erddIE SOTMeSX G ugat e or inverse

of the reference wave.

The additional zerc padding further compensatses so that the pixel size remains constant for

different fevels of magnification.

15
Datermining the recenstruction wave R (£,1m7) at 306 may be implemented by calculating the
complex conjugate of the diverging reference wave. The recenstruction geometry is shown in
Figure 5. The reconstruction wave is determined by calculating the reference wave from optical
geometry and then calculating the complex conjugate or inverse of the reference wave.

20

Let U(x',y ) be the reconstructed wavefront behind the hologram. If the reconstruction wave

is the complex conjugate of the reference wave, and the hologram H{£,177) is illuminated by
the reconstruction wava R*(f, 77}, then a real image of the object is formed at an image plane
(x,y) atadistance d' from the hologram plane where d’ js same as the distance d from the
25  object 104 to the transducer 110, U{x , y') may be defined as shown in Equation (6):
Cood T, . exp(ikr)
v )= [ [HEmR Em TR dgdn (6)

]

2z
where k =-— is the wave number and r is defined by the Fresnel’s approximation as shown

in Equation {7):
36



20 Let U x , y ) be the reconstructed wavefront behind the hologram If the
reconstruction wave is the conplex conjugate of the reference wave, and the
hol ogram H(4, /7) is illum nated by the reconstruction wave R (j,77), then
a real image of the object is fornmed at an i mage plane (x!, y') at a

di stance d' fromthe hol ogram pl ane where d' is sane as the distance d from
the 250bject 104 to the transducer 110. U(x., y.) nmay be defined as shown
in Equation (6): Wx , vy ) = f 111(4",77)R*(j,77) exp(2ikr)(6) where k =
-2ff s the wave nunber and1 1s p%fﬁ ed by:fhe Fresnel's approxi nmation as
shown in Equation Qiéd‘3Q~—Eﬁua£ ogwgél:é%nTbe rewitten using Equat@ﬁn
(7), in the formof a FresheldapproXimetign or Fresnel transform as shown
in Equation (8): eikd ™ 71-, A d 77)2 114d17 (8) Determining the inpulse
response g(,77) at 308 may be inplenmented as shown in Equation (9): exp(

(2 +)) 1 Et@heh 6Pdan bthdn@puéiﬁgeeq@ma§%ti@fo@;alo@yk%_%ﬁéﬂa@&&%&liongrt0 t he

optical systemgeonetry. 15Eguation (8) can be rewitten using Equation
(9), as s ’8\3\'}?‘?%3%&&3??QS’H’”(“E’%S“?‘%%P(?E e22) f f H(t ,77)1?" ('t
L 17)9(§,77)exp[ -2 t4:21177/1 }1c/JI(177 (10)
ikl eo oo .
;d. ffmf,mR*(f,n)exp[%{(x’—é)”“+(y’wn)2}}d§d:'7(8>

53 e

Uix,y)=

Determining the impulse response g(&,77) at 308 may be implemented as shown in Equation
(9)
10
ikt

e i 3 5
z‘ftd'eXp{ __Ad'(f /) (9

g(&,n) =

The impulse response is calculated according to the optical system geometry.

15 Equation (8) can be rewritten using Eguation (9), as shown in. Equation (10):

Ux,y)=e™ 40 [ [HE MR (&) g(€.n)expl 27l év +qu Y1d éd 7 (10)

Q00

. :
Where V=—— and (= L are the spatial frequencies present in the hologram.
Ad Ad
20
Determining the reconstructed wavefront at 310 may be implemented by calculating the Fourier
transform of the product of the hoiogram, the reconstruction wave and the impulse response
function, as shown in Equation (11):
25 Ulx,y)=S{HEmR (Eme&m} (1
The image intensity can be calculated as shown in Equation (12):
I y)=Ux,y)F (12)
30



Where v =and p =are the spatial frequencies present in the hol ogram AdAd'
20 Determning the reconstructed wavefront at 310 may be inpl enented by
calculating the Fourie transform of the product of the hologram the
reconstruction wave and the inpulse response function, as shown in Equation
(11): 25U(.1,i)=3filR (11) The inmage |nten5|ty can be cal cul ated as shown
i n Equat i 141'6(3*1323)9 can pg palcuatgd aspWBNEDZEEPY 130 The phase can be cal cul at ed
as shown in Equation (13): co(x , y )= arctan Itn(Ux , y) ReW(x , y)
5The numerical reconstruction of d| gi taI ho| ograns can provide the 3-D
reconstruction of the |rrag(?()j:?p mLthe | t I Ldirnensi onal hol ogram Anot hey
advant age nay be that the I mage |§e(l@q§s sProblematic in the -
reconstructed real inmage. This is because the twin inmage fornms on the
opposite side of the real inage and appears as a defocused i nage at the

:eal iﬁagahm@ﬁhﬁmanlréboaa?emfotfag@ml h@&lsgrgrinze?ro;?ﬁﬁ@élge Std'll%c@m?udt:&r?l@mhé)f AIthe
Wi n i mage na ignifican sm a re ane o]
because of'”atgﬁgm ?@e“fgéjlhrréeerlsg hﬁogmm CFhe\‘r w"}?y%ﬁﬁ‘&g%g?m?%awgal i mage
pl ane, t héessmpibiem@teteﬂ reyedsegomed rragimiage bine ie bm@aaseefﬁe Wit inagbermeat theé mage
wave. | ncEeasiheldiene ra&%@e a%h é@pegﬂfs ats@edemehwlaa@é@fw&ea%égem@ IRY nMay
further decre se the b% %tﬁ 504(92 createdEH\ﬁ/ the%\gn nge The effect
zer o- or def®3E 8r WG T3 FEE0 §F”E“E’|8LE S HEaF5T Y e P%’Vﬁ AR e
renoved byalpreggrioeesst igeake hohograpenssiochtye bigh-iqpas svid inlageri thd &aThe
ateral 1asol Hhddmheoim St £2) BRY-ASBSRG QOAARIIMAR CalmaRSELUr e (NY) and

wavel engt h, a conventional” m croscope. According to the
Ray! ei gh 'E?rF%Sé'rgﬂ% jéferar é‘é%PUF‘? BHPIrhESRY FirERAYCS A {eEher dRfTRcPRITENt  Ax
bet ween dfactgMmampebit sreb@d betheesioinved, THmyffebercappaexérmaduash Ryorkguitd gn (14) :
20 Ax > 2the (‘)Nﬁg hologram can be removed by pre-processing of hologram using high-pass filter.
15
The lateral resofution of system may depend on the numaerical aperiure (NA) and wavelength,

similar to a conventional microscope. According to the Rayleigh criteria of resolution, the
minimum distance reguitement AX between of two points 1o be resolved, may be approximated
by Equation (14):

20

> A
2. (NA)

The depth of focus Az, or depth resolution, may be approximated by Equation (15):

A

Theretore 3-D resolution may be increase with a larger NA, A larger CCD sensing area
increases the NA of the system because of farger light collection capability and will also
increase the 3-D resolution.

30
Magnification of the systaem may be approximated by Equation (16)

D/(D-d) | (18)



The depth of focus Az, or depth resolution, may be approxi mated by Equation
(15): 25Az > 2. (NA) 2 Therefore 3-D resolution may be increase with a

| arger NA. A larger CCD sensing area increases the NA of the system because
of larger | ight collection capability and will also increase the 3-D

resol ution. nification of the system may be approxi mated by Equation
(16) D/ (D UW? i@)*s 86 figim & PR torrapadueerel P idistasca ORas wed viatsdnicer aid Oisdisstbiante
(measur ed V@ﬁo&ﬁ’é&ramduﬁé?ﬁ)la aednsk. rhe &mloﬁfh 6ke é@@ct%@né hay b ansdugRhgal 10

di st ance. §0|§ ahon Ogt @% f the obj ect p ane may be used to change t he
magni f i cat % &R 5AN experinmental configuration shown in Figure

6, simlar to t he exerrpl ary enbodi nent descri bed above, was used to record

a hol ogy am\rpixp@nMc&rﬁ @8fon Aot H¢ r@@%ﬂ%l@ﬁ%&hé&emp@r 4&15130‘(!%5}\1 was used
for the recor ng and the fjbre g 8y CCD has
1280x960 P&l 5‘* RYBRE U8B AR  BERAR © ?QQAFW%&?%@O% 9% 1 ent

magni fi catisns. AOﬁ@rzeeaMeewr&ré&eW@ £rei0nd tiedcorn espendd RO, t e
di stances d 20.33nmm , 1021.33nml7z , and 27.07/mmfromthe fibre to the
obj ect  Fifth bz 172(38)<96Q Bielarricl ¢)Cdtont bhenriesiabtTs dohigm differsxper i nent al

configuration . w.th the centra cont aj 200x 200
pi xel s) of "PHEFRE, ﬁ‘éetes"ﬁgop a&“ﬁ%%@gorgﬁ%%ref‘??@dﬁ'gﬁ?&ﬁ@*& &Q]S%Wﬁp 7) of
the USAF tardRim, did Tl e frs@ei ke thdebjdconge has shifted towards the
15centre in the reconstructed i nages as the distance d increases. The
magni fi cati on should be highest in Figure 7(c), but because of the
reduct i onFbres fe).ghheat (Qiszev ihe resgitsaietrnu tieleypdrioweie! cdriiguates wB(al sp 8B) show

the r econ%%rqué LN, %Eutt ?r,ronéﬁg %O@%@b ot iasﬁ; Bﬂﬁéjnle@&ws ot LSO%B% %vﬁ%gnias t he

di st ances /mm respective here consi der
r ef er ence 20 @P@Wd @f T(”@I P)SAF ﬁ%fgﬁdhcﬂﬁé?esﬁé@hfhﬁﬁé@ irege hﬂﬁﬁ‘gféed@w@ the

cor r espongdnng i e Rkbnstri®ed Hiages 4 tﬁé @:%ﬂé‘e d |E¢rgétfe§ ﬂr@aﬂa nﬁéeﬁ%n andiaBeb) ) are
not er o- paddi ng

sanme (rat han s IIer but

accor di ngp%esgi' 7 Hi%o (%‘ﬁt%écaagsﬁ% &h \/\Wm%OfEFGg ?eéséf S5 aétug(yd?wefror t he

di stance 21.33mm & 27.07mm respectively, (again dl= 20.33mm),

magni f i catih@bs 8(8) €18 dwyind i-abesueRh bRSPRRMAGiNS QCCB%g t@@ﬂﬂtoﬁ!ﬁ&ance 25

distances 21.33mm & 27.07mm respectively, here considering 20.33mm as the reference
20 distance {d, ). It can be seen that the image sizes corresponding to all the three distances
(Figure 7(a), 8{a) and 8(b)) are same (rather than smaller}, but still not magnified. With zero-
padding according to Equation {5}, as is shown in Figure 8{c} & 8(d} for the distance 21.33mm
& 27.07mm respectively, (again dy=20.33mm ), magnification is ciearly higher corresponding

to the larger distance,

25
Figure 9(a) shows an image form an optical microscope with 5X magnification. Figure 8(b) is the
reconsiructed amplitude image using the experimental configuration, and Figure 9(c} is the
phase image using the experimental configuration. The 3-D profile of the object can be
reconstructed using the phase image shown in Figure 8(d).

30

Static and dynamic observafion of MEMS cantilevers (502m x200m ) are shown is Figures
10, 11 & 12. Figure 10{a} shows the imaging of cantilevers with normal optical microscope and
Figure 10{b) using the experimental configuration. Figure 11 shows the static deformations in
the cantilevers with increasing amount of deformation quantity using the experimental
35 configuration. The direct phase subtraction gives the moduic 27 interference fringes without
any phase shifting tachniques, Figures 12(a) & 12{b) show the first and second vibration
10



Figure 9(a) shows an image forman optical mcroscope with 5X

magni fication. Figure 9(b) is the reconstructed anplitude inmage using the
experinmental configuration, and Figure 9(c) is the phase inage using the
experinmental configuration. The 3-D profile of the object can be
reconstructed using the phase i mage shown in Figure 9(d). 30 Static and
dynam ¢ observation of MEMS cantilevers ( 50 pnx200,Lan ) are shown is

Fi gures 10, fraquempissZharmtefisaéenid {re)cartryars ushe tensxgirrgerdd! cerdiotriaficev Bregimgi t h
normal opti g@kagaa QE@%Q%e@@Q i dldfe bgna{ebz)erd@ﬁé\gsésbﬁ B%REHITBOiBktion
conflguratlon %%re 11&? ) t he SH?tIC ! rmat i ps L0 t he ?antllevers
with increa$tH§ RS o r S PRAETS GEARI f%ﬁ“a%q'@ﬁ-g ¥ fleragersienean
3500nf|gura@a@me§Mm di rect phase subtraction gives the nmodulo 2.7r
interfersence fringes w thout any phase shifting techni ques. Figures 12(a) &
12(b) shom1th first and second vibration frequencies characterisation of
the cantil e¥é @thﬁ%‘?xﬁﬂp‘f‘ﬁé’”@%@r@i“ﬁéﬂ‘i’w Feors 1917 SATPORAT maske & Pivered vefesged

vi bration fridnges bemespivetuben. ethebyirtrbeszrosanderaiBesss bold Shevshid/bei n t he
vibration resananl, { LEuanch is bbbkl dabe@ndBRE000 1L FONN: 14 HeAgyene! es)
for different cantilevers can be clearly seen. her exe ary
enbodi nent ERBRFPATENES §ipeer ihfidesterd &8r may be a ni rror ed surface 1300
on a bean1splltter 1302. The mrrored surface such as alunlnlun1gold or

silver ipgstﬁi‘?@}% JEEHLPBQ/ e@nbo@?n%n%s‘%g\ffn Of gﬁpf&g%f%srml e O%PF%"I%? to the

source 102 spects t enbo

descri bed a&wgviator (ShMaT140; Tﬂe S iﬁ@@ﬁ“%)@é?mlharf%fe@ﬁ%‘m\ﬁé@]be @h@%ﬁeq for rgure 14
the refl ectigtpbilpy tRaec@respakaal |1 ght nodul ator (SLM 1400. The SLM 1400 nmay
all ow the reference wave to be nodul ated for nore flexibility in the
reference wave. 15The terns | ensless and unfocused may in the context of at
| east dhe eéhbEdinieriespand yniepesest vadn the caelaxt of htdeast e gmitodiosodpe does not

include a hﬁ‘d@%t&@t&y\@%h ttthm@ms&%ldaése{fot %@I@dé henobiget, RRYLHE st WREN the
st there has been described in

bean1spllt er a
t he forego*ﬁﬁbﬁafengi“ﬁﬁ“@%ﬁﬁﬁWéPVWéWﬁUB?H@ﬁPECf.t wi Il be 20understood by
those skilled in the technol ogy concerned that nmany variations in details

of design, M%@%Fe%% b@éﬁ @e@%@& mQE’r?iro?ergleﬁ'dé@}'p’tQﬁ RBHSa B0 AERiTNg rom

t he present | nvent % hi ¢ m croscope conprising: a
sour ceeoconlfqdﬁiﬂo@ﬂ b!f Woiﬁ%‘{??ﬂ@ “ée HF’W@PQY ?f@ ﬁ@%qﬁhétfm?’yd’aéﬁtio%'” detalls of

a beam spl ddstgercoeantiicguned: treradicn eey bambis sthapbddphaing 66m theerdierer gi ng beam
t owar ds ann&ﬁh ct and a second portion of the diverging beamtowards a
reflector, the beamsplitter being further configured to direct an object
beam from the object and a reference beamfromthe reflector towards a
transducer, and

11



the transducer being configured to provide a signal indicative of the
interference pattern of the object beam and the reference beaminci dent on
the transducer, wherein the signal is a digital signal, and further
conprising a processor configured to receive the signal and to determ ne
desired characteristics of the object based on at |east the signal . the
processor conflgured to process the signal by: storing the S|gnal In the

f orm of a‘ﬂ?ﬁ?tal hol ogram zero paddi ng the digital hol ogram determ ning
a reconstruction wave, determ ning an inmpul se response function, and

determ ning a r@%%&k!%&&g\é@é’&;fn{pﬂgf .based on the zero padded hol ogram
the reconstructi on wave and the | se response. The m croscope as cl ai ned

in claim1, wherein atsﬁém?rf?f}f‘@éfé‘bﬁé’r?védel%@f%bea“l"ﬁé r3fatPbscope as clai ned
in claiml, wherein ateemdpiter ginfigurstanicécs 2 ORf OoUBSE the WbEithgHeaha®RaRe as

clainmed i %n%bﬁ&t%&a%%@%_ﬂt&m el I IFamt ﬁds@%ﬁ&?orcoum ed Device (CCD)

digital inmge sensor M Cr 0SCOpe as c ainmed inclaim1, wherein the
refl ector has a ref ["EPRGPEISF F%i'&?efuﬁ‘?fﬁf:?rﬁ‘ﬁ‘t‘fé‘?jtot%eﬁ@”tOPJ&ﬁWémé'@mtfhﬁ t he
di vergi ng radi abedrnbeafremervetinéot thhefeac andrdor taneducasatde ref erence

beam The m cr OSCOp%e@&nQJu@é%Qg chf%L%h% p]rowawaeg @a! ;anca%wc]e oi.ptF}e ;a%of %0 Ies an n

l'ine digital hol ographic mcros 'R ¢1%i m 5,
wher ei n t R&&epl|tecidnct Pagmeenddhq "éf?f@i”\?%b%h@@?ﬁj‘t @rmtha ‘f@ﬂﬁdiua@fewwelm fie beam

splitter digsdlantdijial didral sedeesr c&ibt&m@a%@%f@peorﬁ@ur&b i8R eitm: §dn@laﬁﬁul

wh I f
di Slr '?:'3.:1 t edgéeﬁgkﬁ%g&red cf?argcté'srg'ﬁ1 5 o? he o@ggtbased a? easf the wgﬁ]%hgfpr?cgﬁﬁogt i o 0

splitti ngC‘f‘ﬁ'éUf@qf P epiesig® eiara vavards an obj ect and a reflector,

directing an obejomgtthéoﬁgml it fotnher ofjieoicicaneh, a ref erence beam fromthe
reflector towards a t q? ucer .. provi ding a signal

i ndi cative of thePinterference ﬁéﬁnf ern of the object beam and the reference
beam i nci dent @gtertiena a igpediietien waled processi ng the signal

to determ ne d@@érmgcép‘a@g@ge%gp%g@@ngigntah@ obj ect, wherein processing the
signal conpri Sgeﬁermsmtm% a regonsthucted V\ga 1Jront Qased on Ih%rzgoopfadc?ed ho%lg}a?rlf thréo' ogram

reconstruction wave and the impulse response.

2. The microscope as claimed in claim 1, wherein the microscope is lensless.
3. The microscope as claimed in claim 1, wherein the diverging beam is unfocussed.
4, The microscope as claimed in claim 1 wherein the transducer is 2 Charge Coupied

Device (CCD) digital image sensor.

5. The microscope as claimed in claim 1, wherein the reflector has a reflecting surface
configured to be transverse to the diverging radiation beam to reflect the second portion
as the reference beam.

8. The microscope as claimed in claim 1, wherein the microscope is an in-line digita!

holographic microscope.

7. The microscope as claimed in claim 5, wherein the reflector is a reflective coating on a

surface of the beam spiitter distant to the source.

8. The microscope as claimed in claim 1, wherein the reflector is a spatial light modulator.

12



zero padding the digital hologram determ ning a reconstruction wave,
determ ning an i npul se response function, and det er m ni ng
a reconstructed wavefront based on the zero padded hol ogram the
reconstruction wave and the inpul se response function. 10. The mgtdwmd ras
claimed in claim9, wherein the digital hologramis in the form 71
Hmn)=[H(,77)0 reel ( )1x rect( aAd.' )6A77MA NA ri.64 A 77 The nethod as
claimed in claim210, wherein zero padding is in the form (D-djd2 - d 2) dil
12. The met hod Aasetbabhygitai logl=aahmdbdyrisminer ei n t he reconstruction wave is

det erm ned accordi ngprg\gdugdged9&%}5§Qéaw§%4$£mrgeorretry 13. The nethod as

clained in claim 12, whereln se response function is determ ned
according to: |ke] Iﬁpﬁtﬁngﬁh%ﬂiﬁ?rg'(‘%bﬁa”‘?“‘?’a’)df aF_PHlGthﬂd aTHecteret hod as cl ai ned
in claim 13, wherei nitchtgrecbpsteasred tmaobekr ota re®rabed Bsam nedaccor di ng

tor i./ (X! » y! ) :ref\!efctor %V\/%{d@(a’trézgoﬁgér: ti ) g( ’ 77)}

providing a signal indicative of the interference pattern of the object beam and
the reference beam incident on the transducer, and

processing the signa! to determine desired characteristics of the object, wherein
processing the signal comprises:

storing the signal in the form of a digital hologram,

zero padding the digital hoiogram,

determining a reconstruction wave,

determining an impulse response function, and

determining a reconstructed wavefront based on the zero padded hologram, the

reconstruction wave and the impulse response function.

10. The method as ciaimed in claim 9, wherein the digital holegram is in the form:

Hmn) = [ @ rect(—=—, Ly rect(— T ycomp =, L)

aAé AR MAE  NAn A& L\
1. The method as claimed in claim 10, wherein zero padding is in the form:
! - (D ""“fﬁl dz
©(D-d,)d
12, The method as claimed in claim 11, wherein the reconstruction wave is determined

according to the optical system geometry,

13 The method as claimed in claim 12, wherein the impuise response function is
determined according to:

ikd

>

in
ing S ”—d—(g i

g(fan):

14, The method as claimed in claim 13, wherein the reconstructed wavefront is determined

accoerding fo:

U,y )= S{HEMR (&, meglé,m}
13



