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ABSTRACT OF THE THESIS

High Throughput Web Inspection System using Time-stretch Real-time Imaging

Chanju Kim

Master of Science in Electrical Engineering
University of California, Los Angeles, 2013

Professor Bahram Jalali, Chair

Photonic time-stretch is a novel technology that enables capturing of fast, rare and
non-repetitive events. Therefore, it operates in real-time with ability to record over long
period of time while having fine temporal resolution. The powerful property of photonic
time-stretch has already been employed in various fields of application such as analog-to-
digital conversion, spectroscopy, laser scanner and microscopy [1-7]. Further expanding
the scope, we fully exploit the time-stretch technology to demonstrate a high throughput web
inspection system [8]. Web inspection, namely surface inspection is a nondestructive
evaluation method which is crucial for semiconductor wafer and thin film production. We

successfully report a dark-field web inspection system with line scan speed of 90.9 MHz
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which is up to 1000 times faster than conventional inspection instruments. The
manufacturing of high quality semiconductor wafer and thin film may directly benefit from
this technology as it can easily locate defects with area of less than 10 pm x 10 um where it
allows maximum web flow speed of 1.8 km/s.

The thesis provides an overview of our web inspection technique, followed by
description of the photonic time-stretch technique which is the keystone in our system. A
detailed explanation of each component is covered to provide quantitative understanding of
the system. Finally, imaging results from a hard-disk sample and flexible films are presented
along with performance analysis of the system. This project was the first application of time-
stretch to industrial inspection, and was conducted under financial support and with close

involvement by Hitachi, Ltd.
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Chapter 1 Introduction

1.1 Web Inspection System

Among nondestructive evaluation methods, a web inspection system is a widely employed
instrument where its application stretches from defect detection to quality control for
various manufacturing purposes [8, 9]. One of the most popular web inspecting methods
operates with a light source and a camera with linear photodetector array [10, 11]. The
system relies on charge-coupled device (CCD) or complementary metal oxide (CMOS)
detectors. The light is illuminated onto a sample while detector array collects scattered light
from defects on the surface. It is clear that the system is limited by frame rate of the
CCD/CMOS line scan camera which is roughly up to 100 kHz.

Another web inspection technique is a scanning laser coupled with a single-pixel
photodetector [12]. The laser beam sweeps along the line-scan direction which is
perpendicular to web flow direction. When the scanning beam hits the defect, scattered light
is collected by the detector along with the temporal information; the time slot which the
signal appears carries information of the defect location. Here, the limitation comes from
inertia of the mechanical laser scanner while the single-pixel photodetector in the system can

support higher scan rate.

(a) (b) (c)

Figure 1-1. (a) UCLA written with metallic ink on an absorptive film, (b) CMOS camera
image of stationary sample, (c¢) CMOS camera image of translating sample at the speed of 20
mm/s.



Figure 1-2. CMOS camera image of defects on hard-disk cylinder (a) stationary, (b) rotating
at 7200 rpm. The blurring is evident in (b) where it illustrates the limitation of conventional
CCD/CMOS-based inspection system at high flow speed.

It is important to note that these two types of conventional method have inherent scan speed
limitation. Especially, in the first type, the CCD and CMOS device has its limitation imposed
by fundamental trade-off relationship between sensitivity and speed. This scan speed
bottleneck results in limited precision and application (Figure 1-1 (a) and Figure 1-2(b)). In
addition, high-intensity illumination required in some CCD/CMOS system might cause
damage to the sample under test. This study introduces a new modality in inspection and
imaging: Time-Stretch Real-time Imaging, which allows 1,000 times higher scanning speed

compared to other conventional inspection systems [6, 8].



1.2 Concept of Time-Stretch Real-time Imaging

Our real-time imaging system has two major steps in operation; which are 1) temporal
dispersion (Group-velocity dispersion) and 2) spatial dispersion [6, 8]. The combination of
two steps in operation allows us to achieve ultrafast imaging and inspection as mentioned
from the previous section. Operation of the system starts with ultrafast pulse carrying
broadband spectrum. The pulse is stretched in time where its spectrum is mapped into
temporal waveform as shown in Figure 1-3. (a) and (b). To reiterate the first step, each
wavelength of the broadband spectrum is assigned into its corresponding time slot in
temporally dispersed pulse; thus it achieves photonic time-stretch (quantitatively described
by dispersive Fourier transformation in Chapter 2). Here the time-stretch can be realized by
passing the pulse through a conventionally available high group-velocity dispersion element.
The pulse is then passed on to a spatially dispersive element which forms a 1D rainbow pulse
in space as can be seen from Figure 1-3 (c) and (d). Here, it is important to note that the
wavelength of the actual pulse is centered at 800 nm which is irrelevant to rainbow color
depicted in the figures throughout the thesis.

The 1D rainbow beam is then incident onto a sample-under-test which the spatial
information of the object is retrieved by a single-pixel photodetector. Each wavelength or
time instant within the detected pulse carries transmitted or reflected signal from different
position of the sample. The pulse keeping its temporal dispersion and having spatial
dispersion is equivalent to line-scanning of an object with varying wavelength beam at
different space and time. To clarify each steps again, the system performs wavelength-to-
time conversion through time-stretch in Figure 1-3 (a, b) and wavelength-to-space
conversion with spatial dispersion in Figure 1-3 (c, d). The successful conversion between
three domains: wavelength, time and space, offers us spatially resolved information with a

single pulse and a single-pixel photodetector connected to any real-time digitizer.
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Figure 1-3. Description of two-step operation. (a) and (b) shows time-stretch where
broadband pulse (a) is temporally dispersed mapping each wavelength into temporal
waveform (b). (c¢) and (d) explain spatial dispersion where the time-stretched pulse (b, ¢) is
spatially dispersed mapping each wavelength into space. (c) every wavelength is sharing the
same space. (d) each wavelength occupies corresponding spatial coordinate.

1.3 Web Inspection System using Time-stretch Real-time Imaging

We propose and demonstrate a high throughput web inspection system exploiting time-
stretch and utilizing the merits coming from dark-field imaging method (i.e., detecting low-
contrast or transparent sample, and higher sensitivity to edges and boundaries of the
sample). Also the dark-field imaging method completely blocks the DC term in the signal and
minimizes the signal processing procedure which is advantageous compared to the bright-
field analogue [8].

The complete schematic of the system is shown in Figure 1-4. The operation starts with a
Ti:sapphire laser system which generates ultrafast broadband pulse having center
wavelength at 800 nm with repetition rate of 90.9 MHz (11 ns of period). The pulse train is
coupled into a dispersive fiber where the pulse is temporally dispersed. Group-velocity
dispersion of -650 ps/nm is given for the fiber where the negative dispersion forces longer

wavelengths to travel faster and shorter wavelengths to travel slower. The temporal
4



dispersion within the fiber maps each wavelength to its corresponding time slot which is
equivalent to completing the photonic time-stretch. The time-stretched pulse is then
spatially dispersed by a pair of diffraction gratings where each wavelength of the pulse is
mapped into its corresponding coordinate within the 1D rainbow. The cylindrical lens
focuses the 1D rainbow down to 20 um allowing sharper spatial resolution in the web flow
direction. The focused 1D rainbow beam is then incident onto the rotating sample. When the
1D rainbow is incident onto a clear surface, the rainbow will reflect back to the open space in

a specular angle.

Dispersive fiber

= £
e gL A @E A\ Mirror (
Ti: Sapphire o o[> L .. « «» «» @«
laser ) ' I\
Fiber collimator v
.
v
Digitizer M 53' Amplifier - Diffraction grating (P
ID'-- « «» <> <
Photo Multiplier Tube T /
Film & >
4 . -
S 4 o g

8 . ...... P ——— e R ! ,
: |

}- '\

N / Defects  Cylindrical lens
Rotary roller

Figure 1-4. Schematic of the Web Inspection System

When a portion of the rainbow hits the defect as shown in Figure 1-5, the part of the rainbow
beam that hit the defect will scatter into the photomultiplier tube. For example, as the yellow
part of the rainbow has been scattered into the photomultiplier tube, the oscilloscope will
show a signal peak at the time instant corresponding to yellow. A complete process of a
single line scan has been performed and the position of the defect has been determined. By

5



extending the record time duration of oscilloscope, we can record series of line scans

allowing us to reconstruct the scattering image for the sample-under-test.

Oscilloscope

11 ns

Figure 1-5. Operation description of the HDLS

If we focus on the light collection apparatus in the dark-field imaging technique, it is robust
to misalignment since the optical signal collection is done by photodetector in open space.
On the other hand, bright-field version of the system [8] requires total collection of the
reflected lights where a minute vibration may require optical realignment of the entire
system. Also, unlike our dark-field scanner, the bright-field system does not work effectively
for the samples with low reflectivity. To summarize the section, we have successfully
demonstrated dark-field inspection system with time-stretch real-time imaging technology
which offers high-throughput inertia-free line scan. The results of this system will be shown

in Chapter 4 which includes inspection images of flexible films and hard-disk drives.



Chapter 2 Background: Time-stretch in Real-time Imaging

As wavelength-to-time conversion by photonic time-stretch is one of the crucial steps in the
system, this chapter will cover its principle and mathematically derive its operation. Here,
the photonic time-stretch can be explained with more clarity and insight when it is described
with the concept of dispersive Fourier transformation (DFT) [13, 14]. Therefore in this
section we will use the term DFT as an equivalent of our photonic time-stretch operation. We
will also cover its application to different type of photonic time-stretch based real-time

imaging methods in section 2.3 and 2.4.

2.1 Time-stretch Dispersive Fourier Transformation

Whereas the photonic time-stretch technique is explained by the temporal dispersion of a
pulse, a different conceptual approach for this same process is possible. Concept of the
dispersive Fourier transformation (DFT) - synonymous to photonic time-stretch may start
from spatial Fourier transformation which is regarded as one of the most important
phenomena in Fourier optics and coherent optics. The DFT can be understood as an
extension of this phenomenon where space-time duality of the light enables Fourier
transformation in temporal domain [13, 15, 16]. By using a dispersive medium, it maps the
spectrum of initial ultrafast optical pulse to a temporal waveform. Group-velocity dispersion
in the dispersive element will temporally disperse the input pulse where the temporal
envelope of the output pulse mirrors the spectrum (Figure 2-1). However, the pulse must go
through sufficient temporal dispersion (i.e., longer propagation within the dispersive
medium) so that each wavelength is well-separated in the time domain. This requirement is
similar to far-field condition in spatial Fourier transformation, which is again imposed by

space-time duality of the light [13, 17].



Dispersive Element

Spectum E—— Time

Figure 2-1. Photonic Time-stretch Dispersive Fourier Transformation (TS-DFT). When a
pulse with spectrum shown in the left-side enters a dispersive element, group-velocity
dispersion will perform dispersive Fourier transform where temporal waveform of the output
pulse (right-side) will mirror the original spectrum.

The pulse with sufficient temporal dispersion is then captured by a high-speed single-pixel
photodetector. Every time when the photodetector samples the temporal waveform, it is
sampling the spectrum of original pulse. Therefore, the combination of a dispersive element
and a photodetector allows real-time acquisition of spectrum for every pulse. This overcomes
the speed limitations of traditional optical instruments achieving pulse-resolved
spectroscopy [4, 6]. In this study, we combine the DFT process with the spatial dispersion to

demonstrate ultrafast imaging of fast-moving samples.

2. 2 Mathematical formalism for dispersive Fourier transformation

The dispersive Fourier transformation for ultrafast imaging initially employed signal
amplification through stimulated Raman scattering in parallel with the Fourier
transformation [2, 18]. The amplified dispersive Fourier transformation (ADFT) provided
image amplification and it is proven that the amplification is also possible for 800 nm
regime [19]. Thus, for generality we derive a model for both ADFT (based on [18]) and DFT

despite that our system does not have amplification process.



The goal of this section is to derive the coupled nonlinear Schrodinger equation that
considers presence of multiple Raman amplification pump fields that starts from the
Maxwell’s wave equation [18, 20]. The resultant equation will prove that the quantitatively
explained DFT operation in fact agrees with the mathematical formalism that is to be
discussed.

When a pulse is propagating through an optical fiber, the total induced polarization P(r,t)
takes into account of the linear polarization P (r,t), the noise-induced polarization Py(r,t),
and the nonlinear polarization that consists of the Kerr effect P¢(r,t) and the Raman effect

Pr(r, t). Thus the total induced polarization can be expressed as,

P(r,t) = P (r,t) + Py(r,t) + Px(r,t) + Pr(r,t)
=€ [ xu(t — tE(r, t)dt’
+eE(r,t) [ Ry(t — t)Fy(t)dt'
+ eE(, t)[xxE@,t) - E(r,t) + [~ xgE(r,t') - E(r,t")dt'].
(1)
Where ¢, is the permittivity of vacuum, yx; is the linear susceptibility, Fy is a Langevin
noise source that describes random molecular vibration of silica, Ry is the function that
converts Fy into susceptibility, xx is the Kerr susceptibility and yg is the nonlinear
susceptibility due to Raman scattering. Here we will neglect the noise-induced polarization

term for simplicity and further description can be found in [20].

The total electric field can be expressed as,

1 . .
E(r,t) = EJ?[ES(T, t)e™i®st + E,(r,t)e™rt +c.c. ]
(2)
As written above, with the polarization unit vector of X, the electric field consists of the

Stokes field E(r,t) and the sum of the pump fields E,(r,t) = Y72, E D where wg isthe
9



carrier frequency of the Stokes field, and w,, is the carrier frequency of the pump field. The

Raman polarization Pgi(r,t) is also described with Stokes and pump fields.

Pr(r,t) = %9? [PRS(r, t)e twst 4 Pg, (r,t)e ' @nt 4+ c. c.].

3
From (Eq. 2) we can obtain E-E which can be written as
E-E= %|Es|2 + %|Ep |2 + %E;Esei(wp—ws)t + %EpEge_i(“’P_“’S)t + %EpEsei(“’P“"S)f +
%E;E;e_i(wp+ws)t + iEge—iprt + iE;ZeiZOUpt + iEsze—izwst + %Es*zeiZwSt _
(4)

In the equation above, we regard only the first four terms since the rest of the term requires
phase-matching of fields. Substituting (Eq. 4) into (Eq. 2) and then into (Eq.3) allows us to

express the Raman polarization as,

1 ® N
Pi(r,t) = ZeoEs(t)f Xr(t =t |IEs(E)I* + Z |Epj(t’)|2\ at’
— j=1

1 « 0 e (e
+§€02Epj(t)f xr(t — tDEs(t)Ep (t)e i(ws=ap,)(¢ t)dt’,
j=1 -

(5)

where we drop the r dependence for convenience. Also, pump-pump couplings are ignored
since their response is much weaker than Stokes-pump coupling in our case [20].

We then cast Maxwell’s equation as,

(6)
Where c is the speed of light in vacuum py, is the permeability of the vacuum, E is the total

electric field and P is the total induced polarization. The expression of Stokes and pump

10



electric field can be divided into amplitude envelope A(z,t) and cross-sectional distribution

of the electric field T(x,y). We may approximate Ts(x,y) and Ty, (%, ) is equal in a single
mode fiber; therefore the expression for Stokes and pump electrical field is given as,
Es(r,t) =T(x,y)Aq(z, t)eiﬁgz,

. Pj
Ep, (r,t) = T(x, y)Apj(z, t)etPo 2,

(7)
The field can be normalized through introduction of k? and kf,]. as,
ug(z,t) = kAg(z, t)\/f T2(x,y)dxdy,
upj(z’ t) = kijpj(Z’ t)\]f TZ(x’ J’)dxd}"
(8)
where,
1 € 1 €
2 _ = S0 2 o -0
ks = 2ns\/:o,kp]. = anj\/:o
(9

Here, n, and ny, are the linear index of refraction at each Stokes and pump frequency

respectively. Furthermore, we can express nonlinear coefficient vy, Yp; by Kerr and Raman

susceptibility as,
Yo = wsng Yy = ijnsj
T Cheprks TP cheprhy,
(10)
where A is given as,
oo o) 2
(S S0 T2 (e y)dxdy)
Aeff =

I5 12 T4 (e, y)dxdy
(11)

11



. . . D .
Nonlinear refractive index n; and n,’ can be written as,

0 0
e (100E) =g (105
(12)
where y2 normalizes the Raman response function as,
Xr(®) = xRhg (),
(13)
while hp satisfies f_oooo he(t)dt = 1.
Now we go back to Maxwell’s equation, Eq. (6) to derive coupled nonlinear Schrodinger
equation by working in frequency domain [20]. We take the Fourier transform of the
electric field Eq. (7) substituted by Eq. (2) and the polarization given as Eq. (5). With slowly

varying envelope approximation condition ( ~10 fs), resulting coupled equation for the

Stokes wave is given as,

[ee)
dug iy Z im"Bp MU, ag

0z m! oJt™m +7u5

m=1
= iys(1 = fo)us lws(tnz +2 ) Juy, 0|

Jj=1

[ee] ® 2
+irsfous [ hae =) | lus@F + ) [uy @ | e
. | 2,

+ iysfr Z upjj_ hg(t — £ )us(tup, () - e_i(mpf_ws)(t_t’)dt’

Jj=1

-1
Here, the fraction of the nonlinearity due to molecular vibration is f; = (1 + 32%) [20].
0

The first term of Eq. (14) describes envelope evolution over distance, the second term

represents dispersion effect on the wave and the third term is responsible for optical loss

12



while propagating. On the right hand side of the equation, the first term describes Kerr-

induced self-phase modulation and cross-phase modulation. The second term in right hand

side is molecular contribution to self-phase modulation and cross-phase modulation and the

final term represents Raman amplification.

Equation 14 can be further simplified for picosecond regime which becomes,

0z

[oe]
Jdug iy Z "B MU ag

u
m! atm @ 2 S
m=1

=iys(1 — frlus [|us(t)|2 +2 Z |upj(t)|2]
=1
+ ysfrus [|us(t)|2 + Z |upj(t)|2] f‘x’ hg(t — t")dt’
j=1 -

> 2 (® i _ 4!
+ istRus(t’)Z |upj| f hp(t—t')-e l(w”f ws) (et Dar'
j=1 e

(15)

Here, the first integral in the equation is equal to 1 because the response function is

normalized. The second integral term is Fourier transform of the Raman response function

which is,

(i) = 7 e - e o

Eq. 15 is again reduced to

dus . i By 0™uy g

— =
0z
m=1

m! oJt™ 2 Us

= st |us O + @ = i) Y [ty O | + sficis(® Yt | Ry
=1 =1

(16)
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where the real part of hy (wp)) describes Raman-induced index changes and imaginary part
is responsible for the Raman gain. hg (wp,) being symmetric function and assuming pump

fields are much stronger than Stokes field, we can write Eq. 16 as,

dus . i i™Bp 0™uy, g

0z m! Jt™m 7u5

m=1

= iysusz 2+ frRe [FLR ((Up]-)] — /&l |upj(t)|2
=1

J

+ }’szusz |upj|2 Im [HR (_ij)]'
j=1

j
(17)
We turn Eq. (17) into frequency domain with assumption of undepleted pump fields thus

regarding up; as constants independent from time and position.

[o9]

L %—izm ﬂ—”}(w_ws)m+ %—inZ[fRRe[ﬁR(ij)]—fR] [y, |

=1m
m=1 =

— Ysfr Z |upj(t)|2 Im [FIR (—(upj)] fig(w — wg)e {@-wt =
=1

(18)
The solution for Eq (18) is given as,

[o9]
[oe]

Bsw -0 =em) iy Do —wgms— Lot ing Y leRe [ (o,)] - fel [ | 2
i 2.

[oe]

+ ¥sfr z |upj|2 Im [ER (—a)pj)] zZ¢.

j=1
(19)

We substitute Eq. (19) into Fourier transformation of the Stoke field given below,
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1 (® .
us(z,t) = Ef iig(z, w — wg)e HW=ws)tdy

(20)

Thus, the generalized amplified dispersive Fourier transformation is written as,

fig(z,t) = %f::dw 1i5(0, w — ws)exp iZ:=1%(w — wg)™z — %z
* "VSZ |2+ feRe e (5,)] - ] |u1f’1|2 2+ Vs/r Z |upf|2 A CMIE
j=1 j=1

—i(w—ws)t

(21)

The equation above illustrates the original Stokes field spectrum is(0, w — wg) mapping to

temporal waveform of #ig(z,t). Assuming flat Raman gain spectrum, Re [ER (wp].)] ~ 0 and

2 -
Z}?"zl |upj| Im [hR (—ij)] = constant, we can approximate Eq. (21) as,

[o9]

1 as . 2 9s
ug(z,t) = S-exXp| =z +iys ) (2—fr) |up].| z +72

J=1

. '[_w fig(0, w — wg)exp {izm %(a} —ws)Mz —i(w— (us)T} dw.

m=2
(22)
Here we have defined gs and T as,
gs = 2ySfRZ|upj|21m [ER (_ij)]r T=t—pz
j=1
(23)
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As our web inspection system operates without the amplification from the pump field, we

may drop up; terms from Eq. (22). Also for our convenience, we ignore high-order

dispersion coefficients. As a result, we can write the intensity profile as,

2 2

1
[u(z T = (55) e

LO:OﬁS(O, W — wg)exp {lﬁTZZ (w - %ﬁ)z} dw

(24)

For large value of GVD or B,z, the integrand in Eq. (24) oscillates rapidly in the frequency

domain except at w = w, +é which the phase vanishes [18]. In this regime, T =
2

B2z(w — wy) holds and we substitute it into Eq. (24) giving out a more simplified intensity

profile as below [13].

o (g-0)z

lu(z, T)|? = u(oé) }

nfyz
(25)

Eq. (25) evidently shows that temporal intensity |u(z, T)|?> is proportional to original

spectrum of |11 (0,&) :

2.3 Serial time-encoded amplified microscopy

Serial time-encoded amplified microscopy (STEAM) [4] has the same two step operation: (1)
temporal dispersion and (2) spatial dispersion as our system described in section 1.2 and 1.3.
However, the operating order is different as it is explained here. The STEAM starts with the
spatial dispersion of the ultrafast pulse where it is then directly incident on to the sample.
Accordingly, the spatial information of the sample is stamped into the spectrum of the
reflected beam. The spatially dispersed beam reflected from the sample is then collected and
goes through DFT by a dispersive element which is being pumped by additional light source.

Here, the spectrum-encoded pulse is amplified by stimulated Raman scattering in addition
16



to DFT which the step as a whole is named ADFT. The resultant pulse is acquired by a single-
pixel photodetector and the image of the sample is reconstructed. Through this technique,
fast dynamics of a laser ablation process could be observed in detail [4] and imaging
microfluidic flow of circulating tumor cells at flow speed of 4 m/s was possible [21]. It should
be also noted that two-dimensional spatial imaging is performed with orthogonally
orientated 2D spatial dispersers which consists of a virtually imaged phased array and a

diffraction grating.

2.4 Hybrid Dispersion Laser Scanner
Time-to-Space Converter Target

%
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Frequency-to-Time Converter

Figure 2-2. Schematic of HDLS [6]

Comparing Figure 1-4 and Figure 2-2, Hybrid Dispersion Laser Scanner (HDLS) [6] has the
same operation order as our system. It first performs DFT through a dispersive fiber,
mapping the wavelength of an ultrafast pulse into time. The spatial dispersion is employed
by a pair of diffraction grating which maps the wavelength into space (1D rainbow beam).
The Figure 2-2 shows that the schematic is similar to our system except that it may include

acousto-optic deflector (AOD). The AOD allows 2D raster scanning of a sample by deflecting
17



the beam in vertical direction while the diffraction grating realizes scanning in horizontal
direction. Through HDLS, 2D reflection imaging, sub-nanometer-scale surface vibrometry

[22], and high-precision flow cytometry with flow speed of 1 m/s was successfully

demonstrated.
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Chapter 3 Setup

In this section, our real-time web inspection system and its components will be described in
detail. Starting from ultrafast pulse laser where the initial pulse is generated, then dispersive

fiber, diffraction grating, sample, photodetector, and oscilloscope will be covered.

3.1 Ultrafast Pulse Laser

Front-end of the inspection system is a mode-locked Titanium Sapphire Laser System (KM
Lab) which produces pulse with approximately 40 fs of pulse width, center wavelength set as
8oonm, 23 nm of bandwidth and repetition rate of 90.9 MHz. To achieve maximum field of
view, it is important to tune the cavity for maximum spectral bandwidth.

From the trigger signal of our laser system shown in Figure 3-1., we can confirm that the
pulse repetition rate is 90.9 MHz with approximately 11 ns of pulse repetition period. It is
important to note that the scan rate, R, is determined by the pulse repetition rate of the laser.
We may notice in the later part that the laser trigger signal is crucial in the image

reconstruction stage.

0.06 T T T T T T T T T
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J
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Figure 3-1. Laser trigger signal. The signal has repetition rate of 90.9 MHz (period of 11 ns)
indicating repetition rate of the laser pulse.
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3.2 Dispersive Fiber

Dispersive fiber is the element that realizes time-stretch/DFT in our system. Generally, the
process can be achieved by standard single-mode fibers including long-haul transmission
fibers and dispersion-compensation fibers (DCFs). Also slightly different elements such as
chirped fiber Bragg gratings or chromo-modal dispersion in DCFs are compatible. However,
multi-mode fibers (MMFs) do not operate well with the DFT where the modal dispersion in
addition to GVD enhances the ambiguity in the wavelength-to-time mapping process.

The pulse repetition rate of 11 ns imposes upper limit of the temporal dispersion amount. If
the initial pulse is stretched more than the 11 ns window of our pulse repetition period, the
DFT processed pulses will overlap with each other (Figure 3-2). This causes multiple
wavelength components during the overlapping instant. Thus in ideal case, GVD of the fiber
should be carefully selected to avoid the overlapping by abiding to the next simple rule.

The pulse duration after temporal dispersion can be expressed as At = |D|AA, where D is the

GVD of the fiber. The dispersive fiber and the laser system should meet the following

condition At < %. Here % is the pulse repetition period.

Overlap

Time

Space

Figure 3-2. Pulse train of the rainbow beam overlapping with consecutive pulses. The overlap
arises when laser repetition rate or GVD is excessive.
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The group-velocity dispersion of our single-mode dispersive fiber is given as -650 ps/nm.
Accordingly, the pulse duration for our system can be calculated, At = |[D|AA = 650 ps/nm x
23 nm = 15 ns, which exceeds the repetition period of our laser (11 ns). As a solution for this
issue, we have spatially blocked the overlapping part of the rainbow beam which sacrifices

field-of-view in our system.

3.3 Diffraction Grating and Polarizer

Figure 3-3. Beam profile of (a) pulse before the diffraction gratings, (b) pulse after the
diffraction gratings. (c) shows non-uniform rainbow beam profile illustrating polarization
dependency of the diffraction grating.

Beam width: (a) 1.5 mm (H) x 1.5 mm (V), (b and ¢) 3 cm (H) x 19.8 pm.

The temporally dispersed pulse with beam waist of 1.5 um (Figure 3-3 a) is then passed onto
diffraction gratings for spatial dispersion realizing 1D rainbow beam (Figure 3-3 b). We use a
pair of diffraction gratings to collimate the beam after achieving spatial dispersion (Figure 3-
3). Both of the diffraction gratings have uniform groove density of 2200 lines/mm which
produces collimated 1D rainbow beam, mapping each wavelength into space along the 1D
line. It is well-known that depending on the polarization of the pulse, the diffraction
efficiency changes. Problem arises when the polarization of the pulse drifts over time. The
pulse with uncontrolled polarization will result in non-uniform beam profile along the 1D

line as can be seen in the Figure 3-3 (c). The issue can be avoided by installing waveplates

before the diffraction grating and controlling the polarization of the pulse.
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Figure 3-4. Schematic of space-wavelength conversion experiment. A portion of the rainbow
beam is selected by a tunable slit where its wavelength is measured by optical spectrum
analyzer (OSA). Position of the tunable slit and the wavelength measured by OSA is recorded
in pair.

To determine the characteristic of conversion between wavelength and space, we have
performed an experiment by placing a tunable narrow slit after the diffraction grating. As the
Figure 3-4 illustrates, we select out 1 mm width of the 1D rainbow beam and find the
corresponding peak wavelength by optical spectrum analyzer. We then shift the tunable slit
to find the wavelength and space relationship by sweeping over the entire range. The result is

shown in Figure 3-5.
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Figure 3-5. Space-wavelength relationship. Data set is fitted by linear function which its
slope represents space-wavelength conversion factor (1.1714 mm/nm)

We have fitted the result into a linear function which has a slope of 1.1714 mm/nm. Here,
space-wavelength conversion factor C, is equal to the slope of the linear fit. The conversion

factor will be used in later section for analyzing the performance of the system.

3.4 Sample

The sample substrate for our dark-field web inspection system requires clear surface. Also to
examine the detection sensitivity of our system, we need to place defects in the scale of 10 pm
x 10 pm in size. The sample substrates that we found suitable for the experiment were (1)
flexible film and (2) hard-disk cylinder. On top of these substrates, we have placed two types

of defects metallic ink and puncture with a micro-needle.

In order to have a flexible film with clear surface we have cured PDMS on top of square-
shaped absorptive film (Kodak Wratten 2) as shown in Figure 3-6 (a, b). The dimension of
the film was set as 5 cm x 5 cm to avoid rainbow beam (3 cm wide) being incident onto

different region than the sample.
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PDMS
Kodak Wratten 2

Figure 3-6. (a) PDMS covered absorptive film (Kodak Wratten 2). (b) Side-view of the film
sample. (¢) CMOS camera image of three 10 um x 10 um sized defects. (d,e, and f)
Microscope image (10x) of the three defects.

The PDMS covered sample is punctured with a micro-needle (Roboz Surgical) having less
than 3 um of tip diameter. As the Figure 3-6 (d,e, and f) shows, the area of the defects are
less than 100 pum2. The sample is then mounted on the rotary roller provided by Hitachi
Corporation (Figure 3-7). The maximum velocity of the roller is 3 m/s with the accuracy of 10

um where the sample stays intact with the roller by vacuum force.
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Figure 3-8. (a) Hard-disk sample, (b) 15 defects with size in the scale of 10 pm x 10 pm
placed on the hard-disk cylinder

To demonstrate the high-speed inspection capability, we have also used hard-disk cylinder as
a test substrate. Its rotational speed is given as 7200 rpm where the metallic ink defects are
located 3 cm away from the center. This can be translated into linear speed of 22.62 m/s far

exceeding the rotary roller speed.

3.5 Photodetector
In order to detect scattered light from the defect, we need a photodetector module that is

sensitive to very weak light. Basic knowledge of the photodetector is crucial in the initial
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building stage of the system because of its high sensitivity and fragile nature. The
photodetector that we use in the system is photomultiplier tube (PMT) and hybrid
photodetector (HPD). This section will briefly cover the basic operating principles of the

PMT and the HPD and analyze the response characteristics [23].

PMT consists of a photocathode, focusing electrodes, an electron multiplier (dynodes), and
an anode which are all cased inside of a vacuum tube. The procedure of generating an output
signal from input light starts with light hitting the photocathode. Through photoelectron
emission, the electrons are emitted towards the inner vacuum tube from the photocathode.
The focusing electrode guides the electrons onto the dynode where the electrons are
multiplied by secondary electron emission. Cascaded dynodes will repeat the multiplying
process of electrons and finally collected by the anode.

FOCUSING ELECTRODE

SECONDARY
£ FOTRON LASTDYNODE ~STEMPIN
LAST DYNODE
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(~10P™%)
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OF LIGHT — ( :\f ;\
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ELECTRON MULTIPLIER ANODE
(DYNODES)
PHOTOCATHODE

Figure 3-9. Schematic of Photomultiplier tube (PMT) [23]

HPD has a photocathode which generates photoelectrons from the incident light and an
avalanche diode with reverse bias voltage applied. The photoelectrons generated from the
photocathode are accelerated by a kilovolt-scale electric field. The accelerated electrons are
bombarded onto the avalanche diode where electron-hole pairs are generated corresponding
to the incident energy of the photoelectrons. Multiple electron-hole pairs that are generated
by bombardment results in signal gain which is called an electron bombardment gain. The
avalanche diode offers another stage of gain which is known as avalanche gain. Due to its
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simplicity in structure, HPD has its merit in multiple aspects; stability, less afterpulse
(spurious pulses), better pulse height resolution and high collection efficiency are noticeable
characteristics. However, gain of the HPD is generally lower than that of PMT therefore it

requires compensation by using additional RF amplifier to achieve desired signal level.

ELECTRON
BOMBARDMENT GAIN AVALANCHE GAIN AD
hY ya
INPUT LIGHT PHOTO-
ELECTRON
TOTAL GAIN: 55,000
%1100 %50
PHOTOCATHODE —— AD REVERSE BIAS

! SUPPLY VOLTAGE: -8 kV VOLTAGE: 150 V

Figure 3-10. Schematic of Hybrid photodetector (HPD) [23]

Both PMT and HPD have rise and fall time shorter than 5 ns which is sufficient enough to
resolve scattered signals within 11 ns of temporal window.

We have acquired response function of the PMT from the thermally generated electron as
below. The rise time of our PMT is 500 ps which correspond well with the documented value
of 570 ps. It is understood that ripples (secondary pulses) after the main pulse arises because

of varying electron trajectory inside the PMT.
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Figure 3-11. Response function of the PMT

3.6 Oscilloscope and Image reconstruction

20GS Tektronix oscilloscope which is able to capture data with the temporal resolution of 50
picosecond per point, is used in our system. The sampling rate of our oscilloscope is much
higher than the bandwidth of the photodetector module; therefore the oscilloscope is not a
factor that limits our system.

Data acquired from the oscilloscope is then processed through Matlab code which
reconstructs the inspection image. It is required that we record the laser trigger signal along
with the PMT signal. This is explained in the Figure 3-12, where a “>” shaped defect is
passing through the rainbow beam that is performing the line scan. Regarding that the red
part of the rainbow hits the defect prior to the blue part, the scattered signal from red part
will be recorded earlier than the signal coming from the blue part. As it can be seen from the
Figure 3-12 (a), the laser trigger will signal the start of the line scan and the end of the line
scan. Based on this trigger signal, window for each vertical slice of the resulting image is

assigned. PMT signals between two trigger signal will be arranged in a vertical manner

within the frame as shown in Figure 3-12 (b). The PMT signal peak in the Figure 3-12 (b) is
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marked as a solid black dot. Rearranging every signal peak as described, we are able to
reconstruct the image for the “>” shaped defect.

1D rainbow

(b)

Signal ° _' -
. - — .— p— —

Trigger }

Signal Ji

Figure 3-12. Description of PMT and trigger signal during line scan. (a) shows rainbow beam
incident onto “>” shaped defect and corresponding PMT signal and trigger signal at three
different time instant. (b) demonstrates how image frame is generated from the PMT signal
and the trigger signal.
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Chapter 4 Results and performance analysis

In this chapter, we will show the imaging/inspection result for the flexible film and the hard-
disk cylinder samples. Also, performance of the system will be theoretically analyzed
followed by the results. Prior to presenting reconstructed image results, we will briefly
analyze acquired raw data for three different samples shown in Figure 4-1, 4-2, and 4-2

respectively.
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Figure 4-1. Raw data for three 10 um x 10 um defects on PDMS covered film
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It is important to note that the three positive peaks shown in the Figure 4-1 are due to base-
line shifting of the PMT. The actual line scan information is in the negative portion of the
signal. The signal on the negative side is hard to distinguish because of the background noise

from the sample is higher than the following two experiment.
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Figure 4-2. Raw data for “UCLA” defect on absorptive film

The four distinct features in Figure 4-2 each corresponds to U, C, L, and A respectively. Since
we have used HPD for this experiment, the signal response in the positive direction is
noticeable. Also, we may notice that the signal voltage is comparably smaller than that of the
PMT’s. Despite that the scale of the defects are much larger than 10 um x 10 um punctured

defects, signal voltage is lower due to the HPD’s lower gain characteristic.
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Figure 4-3. Raw data for fifteen defects on the hard-disk cylinder sample

The defect signal coming from hard-disk cylinder is very much distinguishable because of the
cylinder’s clean surface. We can clearly observe fifteen evenly-spaced defects where the base-
line shift is less than the previous samples. Relationship between size of each defect and their
corresponding peak voltage did not show correlation. We may assume that the defect texture
in microscopic scale were not uniform. Thus the scattering characteristic may depend more
on their texture than their size. The following section will show reconstructed inspection

result based on the raw data given above.

4.1 Results: film sample on rotary roller

Mentioned in the previous section, the absorptive film surface is coated with PDMS where
the defects are placed by puncturing through the PDMS layer. Figure 4-4 (a) is a photo of 10
um sized defects acquired by CMOS camera. After the image reconstruction, we have

successfully identified the three defects on the film as can be seen in Figure 4-4 (b).
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Figure 4-4. (a) CMOS camera image of three defects on the film sample and (b)
corresponding line scan result from the three defects

One of the features in this figure is that there are vertical lines visible along the defect
location. This is an artifact coming from the PMT characteristic where high intensity light
may shift the base-line of the PMT signal. The CMOS camera image of the defects looks
larger than its actual size because of the limited resolution in the CMOS camera. The base-
line shift can be readily seen in the vertically sliced plot. Figure 4-5 (b) and (c) are signal
from the defect and clear surface respectively. Figure 4-5 (b) has the base-line of around

0.03 V whereas Figure 4-5 (c) has o V.
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Figure 4-5. Comparison of PMT signal at different locations. (a) shows the location of
vertical slice for signal (b) and (c). (b) PMT signal from the defect. (c) PMT signal from the
clear surface.

We have also performed a test with “UCLA” defect which is written with metallic ink on the
absorptive film. A photo of the sample is shown in Figure 4-6. Again, the roller speed is set as
3 m/s. We have used HPD instead of PMT for this experiment because the HPD has shorter
rise and fall time characteristics. With faster response time, we are able to reconstruct the

image with better spatial resolution. However, we need to note that the sensitivity of the
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HPD is significantly lower than the PMT. Here, lower sensitivity does not affect our

experiment since the defect size is relatively bigger than the previous 10 um defect inspection.

4 cm

<€ >

A

2.5¢cm

v

Figure 4-6. “UCLA” written on film sample with metallic ink

The result of inspection is shown in the figure below. Figure 4-7 (a) and (b) clearly shows the
character “UCLA” with different color coding. We can observe the blurring of the characters
in the vertical direction which is due to our spatial resolution limit in line scan direction. The

detailed explanation will be followed in the performance analysis section.
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Figure 4-7. Line scan result from the UCLA-written film sample. (a) “jet” color-coded plot (b)

“hot” color-code plot

4.2 Results: hard-disk cylinder sample

the scale bar.

Fifteen defects on the hard-disk cylinder with sizes ranging from 10 um x 10 um to 20 um x
20 um were inspected while the cylinder rotating at speed of 7200 rpm. Figure 4-8 shows the
defect dimensions and their location. The defects are arranged in a single line where they are

shown in Figure 4-8 (a). Microscope image of each defects are given in Figure 4-8 (b) with
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The inspection result of the fifteen defects on hard-disk cylinder is as below (Figure 4-9 and
Figure 4-10). Again, for this experiment, we have used the PMT with high gain due to the fact
that the sizes of the defects are in the scale of micrometers. In Figure 4-9 (b) we have used

rotation angle as our x-axis since the web flow speed is different depending on its position.
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Figure 4-9. (a) CMOS camera image of 15 defects on the hard-disk cylinder (b) line scan
result of 15 defects on hard-disk cylinder rotating at speed of 7200 rpm
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Figure 4-10. (a) CMOS camera image of 15 defects on the hard-disk cylinder (b) Line scan
result of 15 defects plotted in polar coordinate

In this section, we have shown inspection results for (1) flexible film and (2) hard-disk

cylinder samples.

4.3 Performance of the web inspection system

In this section, we will investigate the theoretical performance of the system including scan
rate and spatial resolution in two directions: web flow direction and scan direction.

The scan rate, R is given as the pulse repetition rate of the laser system since a single pulse
can complete a line scan. Spatial resolution in web flow direction is equivalent to the beam

width of the 1D rainbow beam. Here the maximum speed of the web is imposed where it can
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be calculated by multiplying beam width in the flow direction by the scan rate R. However, in
most cases the maximum speed is limited by the translation device as the theoretical
maximum speed for our system is given as 1.8 km/s.

Spatial resolution of the system is not only determined by diffraction limit as conventional
microscopy, but also by the characteristics of the temporal and spatial dispersion elements.
Evaluation of the spatial resolution in line scan direction needs consideration of three main
factors: (1) the spectral resolution determined by DFT with stationary-phase-approximation
(SPA), (2) the spectral resolution of the spatial disperser and (3) the temporal resolution of
the digitizer [24]. Each of these elements imposes their own spatial resolution limit and the

combination of all three factors will give us the resolution of the whole system.

First, we analyze the spectral resolution limit in the process of DFT. In ideal DFT, one-to-one
wavelength-time mapping should occur. In other words, at certain time within the DFT
processed pulse, there should be only one wavelength occupying that time instant. However,
due to the nature of the DFT such discrete wavelength-time mapping cannot be achieved.
This ambiguity arises specifically because of stationary-phase-approximation (SPA)

employed in DFT and its spectral resolution limit can be expressed as, [18, 24]

2
8Aspa = 1o D¢

(26)
Here, D is the group-velocity dispersion without the high-order dispersion and c is the speed
of light. The spatial resolution imposed by §Agp, is,
8xspa = Cx " 6Aspa,
(27)

where C, represents the space-wavelength conversion factor which is covered in Chapter 3.
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The space-to-wavelength mapping is achieved by the diffraction grating. Assuming first-
order diffraction, the spectral resolution from the diffraction grating is given as, [25]

_lo'd'cosﬂg
= W !

Shg
(28)
Here, 6, is the diffracted angle, d is grating period, A, is the center wavelength, and W is
the waist of the incident beam. From the above condition, the grating limited spatial
resolution 6x4,4¢ingy can be expressed as,
8grating ~ Cx 624 -
(29)
Secondly, the detection system (i.e., photomultiplier tube and oscilloscope) with finite

bandwidth limits the spatial resolution of the system. The temporal resolution or rise time of

the digitizer is converted to corresponding spectral resolution as below [18, 24].

€T D D faer

(30)
Here 74,; and f,. are the rise/fall time and bandwidth of the detection system respectively
(i.e., the PMT and oscilloscope). The spatial resolution limit by digitizer then can be
expressed as,

8xget = Cx * e

(31)
We combine all three factors of spatial resolution 8xsps, 8Xgrating, 6Xger for the whole
system and the overall spatial resolution is determined as,

Ax =max (8Xspas OXgratings OXdet)-

(32)

Our system is limited by the detection system, where 6x = 8x4,; = 5.265 mm. Therefore

the spatial resolution in line scan direction is given as 5.265 mm. However within a line scan,
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the web inspection system is able to capture defect size less than the resolution. We have
calculated detectable resolution of the system which is governed by the digitzer’s sampling
rate, as 136 pm/pixel. Despite that the defect scattered signal may be broadened in the line
scan direction (image is blurred), assuming sparse defect distribution, the peak location of
the scattering signal tells us the location of the defect with precision of 136 um. The spatial

resolution in web flow direction is 20 um which is the beam width of the rainbow.
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Chapter 5 Future Work and Conclusion

5.1 Future Work

Our system can be immediately improved by utilizing acousto-optic modulator and non-
imaging collection optics. These components are conventionally available and its
implementation to our system is realistic.

First, the spatial resolution of our inspection system is currently limited by optical detection
speed. In other words, the number of sample points within the dispersed pulse is limited. To
overcome the limitation we may use photodetector with higher speed or introduce higher
temporal dispersion. As the higher speed photodetector is costly in many ways, the second
option is more appreciable. Pulse with a larger temporal dispersion will allow us to have
more sample points with the same detector speed. However, we have an upper limit for
temporal dispersion where the pulse repetition rate determines the maximum temporal
dispersion amount (Chapter 3). Among various methods to change the pulse repetition rate
(i.e., cavity dumper, longer cavity length, modulator-based pulse picker), we may use the
most simple technique. By using acousto-optic modulator as a pulse picker, we can decrease
the pulse repetition rate. This enlarges the window to support larger temporal dispersion
while avoiding overlap between consecutive pulses.

Secondly, we may further enhance the spatial resolution in the line scan direction with
additional signal processing. Starting from the impulse response of the photodetector
(Figure 3-11), we deconvolute the acquired signal train in time domain. This is equivalent to
equalization process in frequency domain and results in narrower signal in temporal domain.
Therefore reconstruction of an image with the deconvoluted signal train will have higher
spatial resolution in line scan direction which is the direction of deconvolution. This however,
requires sparse distribution of defects where multiple scattered signals within a line scan
may drive the photodetector module away from its linear response regime resulting in

distorted image.
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Finally, non-imaging collection optics will efficiently capture the scattered light coming from
the defect. With the collection optics we may drastically expand our field-of-view and

improve the signal-to-noise ratio and the sensitivity of the system.

5.2 Conclusion

In conclusion, we have confirmed that we were able to show web inspection results with up
to 20 m/s of web flow speed. The inspection was performed in real-time, while successfully
detecting the defects that are less than 10 um x 10 pym in size. Theoretical maximum web-
flow speed is determined as 125 km/min which we were not able to demonstrate because of
speed limitation of our translational device. The detectable resolution of the system is 136
um/pixel; the spatial resolution is 5.265 mm in the line scan direction and 20 um in the web
flow direction.

The study presented the principle of high throughput web inspection system for fast real-
time line scan. The novel technique, photonic time-stretch (or dispersive Fourier
transformation), employed in the system was described in detail supported by mathematical
derivation. Furthermore, important elements in the system are explained while connecting
them to the goal of this thesis.

The demonstrated system with unprecedented scanning speed has its application in quality
control for various manufacturing fields such as turbine propellers, turbo pumps, and train
track inspection. Its capability of inspecting with ultrafast speed will be more appreciated in
the future since the production yield is continuously increasing in many manufacturing

sectors.
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