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Suitable for weak scattering - applied to X-ray imaging

Imaging through scattsrfng media using Fourisr filtering

Fourittr spsMs! filter
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Wide-field spatial filter - used in microscopy



Spatial filtering: confocaf imaging in transmission

No depth discrimination in transmission

Use computer tomography techniques for 3-D imaging

Scattered light still s probiem for thick ( >~3CiQ fun) samples

Spatial flHering: confocaf imaging in reflection

Depth-resolved (3-D) imaging obtained in reflection mode

Scattered Ifght still a problem for thick {>^3S0 jim) sampfes

Time-resoSved propagation through scattering

anddSffu etecs t*d Itght

Trantmtttad signal

Low coherence mterferometry ^> sub-ps fee

Coherence-gated imaging

For monochromatic tight:
[\ightsourcej

(Doppler frequency)

Contocal coherence-gated imaging:
Optical Coherence Tomography (OCT)

For tow coterence light of bandwidth AX:

(Gaussian spectrum)



Coherence gated corrfocai microscopy:
Optical Coherence Tomography {OCT)

Envelope detection of OCT signal =*• depth information

ConfocaS coherence gated imaging:
Opticai Coherence Tomography {OCT)

OGT & Qptieaf Coherence Microscopy (OCM)
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OCT: endoscopic appiication

Transverse radial scanning
endoscopk: OCT probe

Individual captured EOCT
frame In the normal
human esophagus

Typically: 4 frames/second, 2.5 mm scan depth

From ..Izott et at. Opt Lett. 24 (1999) 135S

OCT: Doppter imaging of moving sample

Intertemmetric OCT signal:
| Light

(Sampl.



OCT: Boppler imaging

Interferometric OCT signal:

w n e r e / r , - • • — ™ "•••; •, 1 V T

(DoppEer frequency) » |

1 Light source

Reference
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Doppler OCT: imaging blood flow

From ..Izatt etaL Opt Lett 22 (1997) 2439

Interferometric OCT signaf encodes spectra!
information

> extract using Fourier or wavelet transform

From ..Fujimoto et aL Opt Lett. 25 (2000) 111

Optical Coh©fweti Tomography COCT)
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- requirement for s#s&3#y coh&t&nt source k&sps price high if high power &ri&
broszi bwic&vidth &re fieec&d (e.g. rnod&-lock@ct issors, fibre ABE sources..}

- sequential pixel scanning lirrxts /tome mi& ~ and high Jrafne ralas mquit® higher
power sources

OCT .^- i d f i i ?

Wids-fi&ld coh©rence»gatBd imaging losing optical
: optscai

t'ubre et at., OL 27 (2002) 53(1

- CCD detector offers
reduced dynsntfc range
compared to OCT'{rmre
scattered fight is detected
and defector astijffitsss

- int&rpsx&l cms&tetk is an issue

CCD
(modulated gjj Q)[

Broadband
radiation source

&! mocHtiatton requires
muitli>i& (4} image acqu^tbm
extract coherent irnsge (over
which sample wast be stsi>le}

Setatlf/ing nvdum

sample

Spatial modulation requires only single image
acquisition to extract coherent image with high
speed parallel pixel acquisition

But
- CCD detector offers

reduced dynamic range
compared to OCT (mors
scetietwJ light fe detected
and dstectar safurst&s

Broadband
radiation set

- irtterpixet ct&sfrtelk is an issue



interpret cross-talk
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Low cohere nee
time-of-flight gate
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Need to make pixels mutually Incoherent

Wide-field coherence-gated imaging using broadband

I CCD
[[modulated @ 11

Using spatially incoherent I Broadband I-
broadband sources, trrferptxel [ radiation source f :

cross-talk averages to a d.c.
background

coherenee-gstel imaging using broadband
sources of tow spatial coherence

Sources with Sow apstse1! coherence

Using spatially incoherent I Broadband
broadband sources, interpixel | radiation BOLICB
cross-talk averages to a d.c.
background

Sctiiontig mrotm

coh©rene@»gat0d smagisig using broadband
sources with photorefracttve holography

Can use broadband sources of law sps^a!

SK^MiH^-WSv-W

Imaging through scattering media using

Recording hologram

Imaging through &c&tX®rln§ m$dl& ysfrsg holography

Reading out hologram



Goh©r©nce-gat©d imaging through scattering media
using photorefractive holography

PfiMoreTradlve
medium
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i CCD camera CUVholographfc

Photorefracttve holography
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Response time (to record hofogmm)

s£Svs crystals

3D imaging using photorefrac^v©
GaAs/AIGaAs MQW devices
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3-D imaging through scKtSssring medsa using
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• ! 1 " /

•

• (<a * iwv ' tt n in vmy 1 w i

Coherence effects:
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Low-cast vse£©a rate depth»r@so^ved holography with
photorefraetsve MOW device

Dtode-pumped broadband s.w. Cr:LiSAF

& Sow-cost, high power broadband sp&tt&Hy c&h&r&nt source:

Pumped by * single 500 mW,
100 jim stripe, 670 nm diode

Spatially disperse fight across the gain
region of a diode-pumped e.w. laser to
obtain broad spectrum.

output
coupler

folding Mirror

Opt. Com. 181 (2000) 361

Real-time depth-resoived imaging of moving watch cog

• recorded at 25 frames per second
• frame rate limited by the (8-bit Pulnix) video camera usecs
• 1,9 mW input optical power
• 190 (iWoptiea! power at PMQW
• reS-thrii" optics! s&ctfoning &t vifktc rate

High speed depth resolved imaging- 476 frames%

Blads velocity -1.1 m/s

teaga actguisilieift rate is currently software-limited



High speed wiete-iMtl coherence-gated imaging using optical
heterodyne ctetecflon: Single-shot OGBS

QCNi: phase-stepping holography

Usually acquiiv a series of
(typically 4) /mages sequentially,
coimsfiOtKSng to (fiflersrit
positions of tfie reference- mnn.

Analyser
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Smyths andUoon, Opt Bng, 23,1984,
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Modified phase-stepping algorithm
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Modified 4 phase algorithm
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Results: moving watch cog

Conventional
mage

z - 0.97 mm

Hardware 2x2 binning, 16.6 frames per second,
Exposure time = 1 ms, FOV = 1.8x1.7 mm,
Optioai power - 0.4 inW.

z = 0.55 mm

z - 2.54 mm

Results: sampte of onion

x-y slice

I H

y

FOV = 270x250 (im

x-z slice

FOV = 270x210 \m

2/2. software bmning,
8 frames per second,
Exposure iime - 3.6 ms,
Optical power - 1.5 mW.



Further reading

Depth-Resolved"Holographic Imaging through Scattering Media using Photorefraction
S. C W. Hyde,N. P. Barry, R.Jones,.!. C', ]5ainfcy, P. M. W. Fraiuih,M B. Klein and B. A. Wechsler,
Opt Lett, 20 (1995)1331

Real-time 3-D imaging through tttrbid media with ballistic light using time-gated h&logrophy,
S. C. W. Hyde, N. P. Bany, R. J«ies, J. C. Dainty, P. M, W. French, K. M, Kwolek, T). T). Notte «id M.
R. MaBocti, IEEE JSTQE Special Issue m Laeera in Medicine and Biology, 2 (3996) 965-975

Direet-to-video holographic read-out in quantum wettsfor S-D imaging through turbid media,
R. Jones, M P, Bany, S. C. W, Hyde, ?. M. W. French, K. M. Kwolek, D. D. Nolte and M. R. Malloch,
Opt Lett, 23 (1W>8) 103-105

Biomedieal Optics in the 21st Century, P, M. W. Frenth, Physts Woiid, (JUDB 19») 41-46

High-Jrumg-TUte, 3 & Phatorejr'uclix'e Holography through turbid media'wilhGrfoUrttrysourcGS, assd
Phatorefractivg Structured' ffluminatttm
Z. Ansati, V. Gu, J. Siegel, D. Parsoas-KaravassHis, C. Duasby, NL Itofc, M. Tzuaki, R_ Jonts and P. M.
W. Froncli, 1>. 1>. Nblie, W. Headley a»[3 M. R_ Melloch,
IEEE JSTQE Special Issue cm Lasers In Medicine and BicJogy, ? (2001.) 87S-8B7

Single-shot phase-stepped n-kle-field coherence-gated imaging, C_ ESmifibŷ  Y. Gti, P. M W. French,
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