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ABSTRACT

This thesis contains studies on various aspects of partial spatial co-
herence of light. It includes purely theoretical considerations, nu-
merical simulations on partially coherent beam propagation, con-
struction and use of novel coherence measurement equipment, and
experimental results on characterization of light fields emitted by
real light sources. In the theoretical studies, the coupling of par-
tially coherent light into planar waveguides is investigated by means
of a coherent-mode decomposition of the incident field. Several
types of coherent-field representations are applied also to beams
radiated by broad-area laser diodes, which are used as practical
examples of spatially partially coherent light sources. Interferomet-
ric setups are constructed both for coherence measurement and for
the construction of interesting types of partially coherent beams of
light. The coherence functions of the considered light sources are
meandered by a novel realization of the classical Young’s double
pinhole experiment based on digital micromirror devises. The ac-
quired data is used to simulate the beam propagation with much
higher accuracy than before.

Universal Decimal Classification: 531.715, 535.3, 621.372.8, 621.375.826,
681.7.069.24

INSPEC Thesaurus: optics; light; light coherence; light propagation; sim-
ulation; modelling; optical variables measurement; light interferometry;
light interferometers; micromirrors; semiconductor lasers; optical planar
waveguides

Yleinen suomalainen asiasanasto: optiikka; valo; koherenssi; laserit; laser-
sateily; simulointi; mallintaminen; mittaus
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1 Introduction

Light emitted by natural sources, such as the sun and other stars,
forest fires, or fluorescent creatures lurking in deep oceans, is nearly
spatially incoherent. In simple terms, this means that if we apply
a two-pinhole mask to isolate two small spatially separated areas
of the field emitted by the source and let the radiation from the
pinholes propagate further, the observed intensity distribution is
essentially the sum of the intensity distributions seen when only
one of the pinholes is open. Several man-made light sources, such
as lasers, exhibit rather different behavior: if we again sample the
tield at two spatially separated points and let the resulting fields
overlap, interference fringes of high contrast are observed. In this
case the field radiated by the source can be characterized as being
highly spatially coherent. However, there are many light sources
with spatial coherence properties between these two extremes. Such
partially spatially coherent light sources produce fringes with re-
duced contrast in the two-pinhole experiment.

Optical coherence theory provides the methodology to deal with
all kinds of light sources referred to above [1-3]. In particular, it al-
lows one to define quantitatively concepts such as the degree of
spatial coherence, which specifies how well light fields emanating
from the two pinholes can interfere. This theory is of central impor-
tance in optics since the effects of the state of spatial coherence of
light extend far beyond the two-pinhole experiment. With spatially
coherent laser light we can easily see many kinds of interference
patterns, including speckle patterns, even when we try to use laser
light for even illumination [4,5]. On the other hand, with thermal
light, it is very difficult to see any kind of interference unless the
pinholes are spaced within a wavelength-scale distance apart. In
the absence of coherent light sources, proving the wave nature of
the light was difficult two hundred years ago [6-8]. The visibility
of the interference fringes is indeed the traditional definition for
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Henri Partanen: Modeling and measurement of partial spatial coherence

the degree of spatial coherence of light [9], and will be used in this
thesis as the basis of our measurement setups.

The degree of coherence is not just a single number, but it de-
pends on the measurement coordinates (pinhole positions). Nor-
mally, when the measurement points get further away from the
each other, the degree of coherence decreases. On the other hand,
when the points approach each other, the degree of coherence goes
to unity. However, such qualitative considerations are not sufficient
to describe most partially coherent sources, since spatial coherence
generally depends also on the absolute positions of the pinholes.
To fully model partially coherent light it is, first of all, necessary
to quantify the concept of partial coherence, to which end opti-
cal coherence theory provides the means. Generally, in this the-
ory, partially coherent fields are described by correlation functions
that characterize the nature of partially coherent light in statistical
terms. Such correlation function depend, in addition to the spatial
coordinates, also on frequency or time. Further, to be exact, the
state of polarization of the vectorial light field must be taken into
account.

Partial spatial coherence of light implies major numerical mod-
eling problems. The propagation of fully coherent light emitted by
a planar source can be treated by two-dimensional integrals, but
for partially coherent light the corresponding propagation integrals
become four-dimensional. Likewise, the measurement of the op-
tical properties of partially coherent light is a hugely more com-
plicated task than the characterization of a fully spatially coherent
field. Treating these problems is the central theme of the present
thesis. On the theoretical side, the backbone of the work is the
representation of partially coherent light as superpositions of fully
coherent modal subfields. The demanding task is to find them.
The modes may, for example, correspond to resonator modes of the
laser, and we may simulate them, if we know the resonator proper-
ties. However, real sources often have imperfections and the shape
of the modes may differ considerably from predictions of simple
models. Therefore we may have to measure the coherence function
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Introduction

and solve the modes from it. In this thesis we introduce some mea-
surement systems to do this, and discuss how light can be modeled
efficiently.

This thesis is organized as follows. In Chapter 2 we introduce
the basic concepts of partial spatial coherence. In Chapter 3 we
introduce the Gaussian Schell-model source as a simple example of
spatially partially coherent sources, and describe how such a source
can be modeled numerically using different modal methods. In
Chapter 4 we consider real non-ideal light sources and methods to
measure their coherence properties, concentrating in particular on
broad-area laser diodes. In Chapter 5 we discuss analytical and
numerical methods to propagate light in free space and to couple
light fields into planar waveguides. Finally, in Chapter 6, some
conclusions are drawn and certain possible future directions of the
research are outlined.

Dissertations in Forestry and Natural Sciences No 209 3
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2 Partial spatial coherence

In this Chapter we define the basic concepts needed to describe
the spatial coherence properties of light. We begin by defining the
fundamental correlation function of stationary fields in the space-
frequency domain, namely the cross spectral density function (CSD),
which describes field correlations between two spatial position at a
given frequency. Then representations of the CSD by means of su-
perpositions of fully coherent modes are described.

2.1 CROSS-SPECTRAL DENSITY FUNCTION

Restricting the discussion to scalar theory of light, we consider a
single component E(r, t) of the electric field at positionr = (p,z) =
(x, y,z) and time t. In many circumstances it is more convenient to
consider the field in the frequency domain. To this end we will use
the complex analytic signal representation [1]

E(r,t) :/ E(r,w)exp (—iwt) dw, (2.1)
0
where
(r,w) =5 / (r,t) exp (iwt) dt (2.2)

is the electric field at position r and frequency w. For partially
coherent light the electric field fluctuates more or less randomly
between two spatial coordinates and two frequencies or instants of
time. A statistical description of the field is then appropriate and we
may define its correlation properties in the space-frequency domain
by introducing a two-frequency CSD

W(rl,rz,wl,wz) = <E*(1’1,wl)E(1’2,CU2)> (23)
where the sharp brackets denote an ensemble average
1 N
(E*(r1,w1)E(r2, w2)) = lim N E,(r1,w1)En(r2,w2)  (24)
- n=1

Dissertations in Forestry and Natural Sciences No 209 5
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over a set of individual field realizations E, (r, w), which may be e.g.
individual pulses in pulse trains generated by mode-locked lasers
or supercontinuum sources.

Let us assume that the light field is stationary, i.e., its space-
time correlation properties do not depend on the origin of time but
only on the time difference t, — t;. In this case different spectral
components of the field become mutually uncorrelated [1] and the
the two-frequency CSD takes the form

W(rl,rz,wl,wz) = W(rl,rz,wl)é(wl —a)z), (2.5)
where the CSD describing a stationary field,
W(ri,r2,w) = (E"(r1,w)E(r2, w)), (2.6)

depends spectrally only on a single (absolute) frequency w. Now
the spectral density (intensity of the field at position r and fre-
quency w) is defined as

S(r,w) = W(r,r,w) = (|[E(r,w)?). (2.7)

Furthermore, we may also introduce a normalized form of the CSD,
W(rq, 12, w

]/1(7'1,7‘2,6()) = ( L2 ) ’ (28)

[S(r1,0)S (12, )]
known as the complex degree of spectral coherence. This complex-
valued function satisfies the inequalities |p(r1, 72, w)| < 1, where
the upper bound means complete spatial coherence and the lower
bound indicates full incoherence of the field at frequency w.

In this thesis we will deal mainly with quasimonochromatic
fields, which have a narrow spectral bandwidth Aw around a given
center frequency wy of the spectrum. In this case the dependence
of the CSD on w is typically insignificant and we therefore leave it
implicit from now on for brevity of notation.

All genuine cross-spectral functions have to be nonnegative def-
inite kernels, which means they have to obey (at any transverse
plane z = constant) the condition [10,11]

/ / (p1,02)f (p1)f (p2) o1 d%02 >0, (29)
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for any choice of the function f(p). Also, for all CSD functions, the
following inequality holds:

|W(P1IP2)|2 < W(p1, p))W(pa p2) = S(p1)S(py)- (2.10)

Violating these conditions may lead to clearly non-physical results,
such as negative intensities in some positions. Later we see how
measurement errors may lead to such a situation. The CSD is also
Hermitian, i.e.,

W(l’l,rz) = W*(Tz,rl). (211)

This, for example, means it is enough to measure only one half
of the matrix of a sampled CSD data array. A useful criterion to
recognize a genuine CSD is that all of them can be expressed in the
form

Wiowps) = [ p()H' (o 0)H(py0) o, (212

where H(p,v) is an arbitrary kernel and p(v) is a non-negative
function [10,11].

Strictly speaking, in the case of narrow-band fields such as those
emitted by multimode lasers, we do not usually measure the CSD
since frequency-resolved measurements are difficult. Instead, we
measure its frequency-integrated form

J(p1.p2) = /O°° W(py, py w)dw, (2.13)

known as the mutual intensity. In Papers I and II we indeed used
mutual intensity J(p;, p,) as the measure of spatial coherence. Nev-
ertheless, in this thesis we call all measured coherence functions
CSD for consistency, as all light sources we are studying are at
least quasimonochromatic. Also, when calculating the propagation
of different field modes, which (unless degenerate) are centered at
different frequencies, we should in principle treat every individual
wavelength individually to be exact. However, the error made by
using only the central wavelength is negligible.

Dissertations in Forestry and Natural Sciences No 209 7
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Let us now introduce an angular form of the CSD, known as the
angular cross-correlation function (ACF), defined as

A(rr,2) = / / W(py,py) exp [—ilk1 - py — k2 py)] d*p1 o,
~ (2.14)
where & = (kx, k) is the transverse componet of the wave vector
k = (kx,ky,k-). We may now define the angular spectral density as

F(x) = A(x,x) (2.15)
and the complex degree of angular coherence

A(Kl,Kz)
[F (1, w)F(x2)] "/

u(xy,x2) = (2.16)

in analogy with their counterparts in the spatial domain. In the far
zone the CSD is then [1]

explik(r —r2)]
rira

W (r1s1,7282) = (27tk)? cos 01 cos 2 A (01, 02) ,
(2.17)
where r = |r|, s = r/r is the unit position vector, ¢ = (sx,sy) =
(x/r,y/r) is its transverse component, ¢ is the angle between s and
the z axis, and k = 271/ A is the wave number. The function

J(rs) = r*W™(rs,rs) = (27tk)? cos® OF (o), (2.18)

known as the radiant intensity, describes the angular distribution
of optical intensity in the far zone.

The theory presented above for scalar fields can be expanded
to vectorial electromagnetic fields [12], which leads to the concept
of a cross-spectral tensor and allows one to study the combined ef-
fects of partial coherence and partial polarization. In this thesis we
consider only linearly polarized light fields, which are reasonably
directional. In such circumstances the scalar approach, in which
only one field component is considered, is a good model.

8 Dissertations in Forestry and Natural Sciences No 209
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2.2 COHERENT-MODE DECOMPOSITION

When propagation problems with two-dimensional fields are con-
sidered, dealing with the CSD directly usually leads to numerically
untractable problems; Egs. (2.14)—(2.18) show that four-dimensional
integrals need to be evaluated. Luckily, any CSD may be repre-
sented as an incoherent sum of coherent modes, which reduces the
propagation formulas in sums of two-dimensional integrals. Specif-
ically, we may write the field across the source plane in the form of
a Mercer-type coherent-mode expansion [13]

W(py,p,) = Zch;(Pl)Um(Pz)/ (2.19)

where c,, are real and nonnegative weight factors and v, (p) are
the modal wave functions. If the CSD is known, these weights and
mode functions can be found evaluating the eigenvalues and eigen-
functions of the Fredholm integral equation

| Wi p)omlon) o1 = cuvulpy). (2.20)

Once the eigenvalues and eigenmodes are known for the field at
the source plane, the propagated CSD

W(ry, 1) = ZCMU; (r1)vm(r2) (2.21)
m
can be evaluated using the standard two-dimensional propagation
integrals for fully coherent light to relate the modal contributions
Um (1) to vy (p).
Considering y-invariant fields, the numerical solution of the
eigenvalues and modes from Eq. (2.20) involves discretizing the
CSD W(x1, x2) and solving the matrix equation

W=VIV ], (2.22)

where W contains the CSD data, the columns of V are the eigen-
modes, I is a diagonal matrix with corresponding eigenvalues, and
all three are N x N square matrices if N modes are retained in

Dissertations in Forestry and Natural Sciences No 209 9
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Eq. (2.20). This equation can be solved using standard numerical
libraries found in many software packages such as Matlab [14]. For
two-dimensional sources with four-dimensional CSDs W(p,, p,) the
task becomes more demanding, and might require custom numer-
ical functions. Fortunately, in some important special cases the
modes and their weights are known analytically.

2.3 SCHELL-MODEL SOURCES

Many light sources obey the Schell model, where the complex de-
gree of spatial coherence does not depend on absolute positions p;
and p,, but only on their difference Ap = p, — p;. In this case the
CSD has the form [15]

W(p1,p,) = [S(p1)S(p)]"? (Ap). (2.23)

This is convenient for coherence measurements since one would not
have to measure all coherence between all combinations of the co-
ordinates, which for a two-dimensional planar source would mean
a four-dimensional matrix. Instead, it is enough to vary just the
separation between the measurement points.

It is also possible to define sources that are of the Schell-model
form in the space-frequency domain. In this case we write the ACF
in a form analogous to Eq. (2.23), i.e.,

Al x2) = [F() F(2)] /2 (), (2.24)

where Ax = x; — x1. Hence the complex degree of angular coher-
ence, 7(Ax), now depends only on the difference between the two
spatial-frequency vectors.

24 SHIFTED ELEMENTARY-FIELD METHOD

While the coherent-mode representation can model any arbitrary
field, finding the coherent modes is usually a very demanding task,
with only a few analytical solutions being known. We therefore
proceed to describe another method, which deals with a specific

10 Dissertations in Forestry and Natural Sciences No 209
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class of genuine CSDs but is nevertheless applicable to wide variety
of cases (if not exactly, at least to a good approximation).

In late 1970s Gori and Palma introduced a method to model
Gaussian Schell-model sources [16,17] using a set of laterally or
angularly shifted ‘elementary” modes, which can be summed in-
coherently to form the correct CSD. This model was later extended
to more general planar sources [18], three-dimensional sources [19],
partially temporally coherent pulse trains [20], and vectorial electro-
magnetic sources [21]. A review of this elementary-mode method
can be found in [22]. The elementary-field method has been ap-
plied, e.g., to analyzed excitation of surface plasmons under par-
tially coherent illumination [23], beam shaping problems with vari-
ous types of illumination and shaping elements [24,25], and optical
imaging problems [26].

Considering the formulation of the elementary-field method in
the spatial domain, we assume that the CSD at the source plane can
be represented as

Wipweo) = [ pe)f (o= p)floa =), @29

which implies that its spectral density is given by

S0)= [ pe")lf(o—p")P ' (2.26)

Here f(p) is a well-behaved function called the elementary field
mode and p(p’) a non-negative weight function. This means that
the field is expressed as sum of identical but spatially shifted and
weighted modes. Clearly, Eq. (2.25) represent a genuine CSD since
it is a special case of Eq. (2.12): now p(p’) takes the role of p(v) and
f(p —p') that of H(p, v).

It is a simple matter to show, using Eq. (2.14), that if the source-
plane field is of the form of Eq. (2.25), the angular cross-correlation
function obeys the Schell model (2.24) provided that

£(6) = gz | FOOexplip- )’ @27

— 00
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and , .
p(p') = (27_[)2/ v(Ax) exp(ip’ - Ax) d*Ax. (2.28)

In view of Eq. (2.27), the elementary field can be determined di-
rectly from the angular spectral density, which is an easily measur-
able quantity. The determination of the weight function generally
requires spatial coherence measurements in the far zone, which
may in practice be a difficult task. This task is, however, greatly
simplified if the source is known to be quasihomogeneous, i.e., its
spatial coherence area is small compared to the source size. In this
case one may use the source-plane intensity profile directly as the
weight function since S(p) ~ p(p) [18].

2.5 SUMMARY

The cross-spectral density function (CSD) is a nonnegative definite
function that fully defines the spatial coherence properties of spa-
tially partially coherent light. Even though the CSD is an important
mathematical concept, its direct numerical handling in, e.g., prop-
agation problems is often too difficult. Therefore it is useful to
represent the CSD in terms of sums of coherent modes introduced
in this Chapter. The Mercer-type coherent-mode decomposition is
fully accurate, but its determination can in many cases be a rather
heavy task. On the other hand, the elementary-field representation
is numerically highly efficient whenever it is applicable.

12 Dissertations in Forestry and Natural Sciences No 209



3 Model sources and fields

In this Chapter we introduce a useful idealized model for spa-
tially partially coherent light sources, known as the Gaussian Schell
model (GSM) [15]. This model is capable of describing several
real partially coherent sources and beams generated by them in an
approximate way, including excimer [27] and free-electron [28, 29]
lasers beams and, as we will see in Chapter 4, also widely diverg-
ing fields emanating from broad-area laser diodes (Papers I and II).
Both coherent-mode and elementary-field representation are shown
to be applicable to GSM sources. The propagation of fields gener-
ated by GSM sources can be governed analytically [30], but we also
consider numerical modeling of their propagations. This will allow
us to assess the accuracy of finite or discrete modal representations,
providing useful yardsticks for numerical modeling light propaga-
tion from more complicated realistic sources including broad-area
laser diodes to be considered later on in this thesis.

In the case of GSM sources, the coherent modes have a math-
ematical form of Hermite—Gaussian modes generated in spherical-
mirror resonators [31,32], with a specific set of modal weights [33,
34]. Other model sources that do not generally obey the Schell
model can be constructed using different sets of modal weights:
multi-spatial-mode lasers in either gas, solid-state, or semiconduc-
tor form can all emit such spatially partially coherent radiation. On
the other hand, GSM sources have an elementary-field expansion,
which involves a Gaussian elementary field with a Gaussian weight
distribution. Retaining the assumption that the elementary field is
still Gaussian but letting the weight profile be more arbitrary again
leads to useful generalizations with spatial profiles and spatial co-
herence functions that are not Gaussian form. In Chapter 4 such
a model will be applied to multimode broad-area edge-emitting
semiconductor lasers.

Dissertations in Forestry and Natural Sciences No 209 13
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3.1 GAUSSIAN SCHELL MODEL SOURCES

The most widely used model source in the theory of spatially par-
tially coherent optics is undoubtedly the GSM source, which gener-
ates GSM fields that may exhibit widely different divergence prop-
erties depending on the chosen combination of the source param-
eters. In this model both the spectral density and the degree of
spatial coherence at the source plane have Gaussian shapes. The
most prominent features of the GSM beams are that their shape
stays constant as they propagate. Their propagation behavior can
be determined analytically using the same kind of propagation pa-
rameters that are employed to describe the fully coherent Gaussian
beams, as shown explicitly in Ref. [30]. Indeed, GSM beams can be
seen as natural generalizations of traditional Gaussian beams into
the domain of spatially partially coherent optics.

In what follows, we first describe the properties of a GSM source
(or the waist of a GSM beam). Since the CSD of a GSM beam is sep-
arable in transverse coordinates, we only consider its representation
in the x-direction, with the understanding that a strictly similar de-
scription is valid in the y-direction as well. In the case of anisotropic
GSM beams [35,36], the parameters that define the source size and
its coherence area are generally different in x and y directions.

Consider the general representation of a Shell-mode source de-
scribed by Eq. (2.23). When written in a y-invariant form, this ex-
pression reads as

W (x1,%2) = [S(x1)S(x2)]"/? (Ax). (3.1)

The GSM source is described by Gaussian distributions of the spec-
tral density and degree of spatial coherence: we may write

2x?
S(x) = Spexp <_w(2)> (3.2)
and )
Ax
u(Ax) = exp <_ﬂ) , (3.3)
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where wy and oy are the characteristic widths of the intensity pro-
file and degree of spatial coherence, respectively. Figure 3.1 illus-
trates the full CSD and the complex degree of coherence (in this
case real-valued) of a one-dimensional GSM source when plotted
as a function of the absolute coordinates x; and x5.

(a) [W (21, 22)] (b) [p(zy, 22)]

500 500

/(
S 0 0
8
-500 -500
-500 0 500 -500 0 500

5171/A xl/)\

Figure 3.1: Coherence properties of a Gaussian Schell-model source. The cross-spectral
density function (left) and the complex degree of spatial coherence (right) when wy = 300A
and oy = 80A.

When a beam radiated by a GSM source propagates in free
space, its intensity distribution remains Gaussian, but the trans-
verse scale expands according to the law

w(z) = wy [1 + (z/zR)Z} 1/2, (34)
where ,
2R = % (3.5)
and )
~1/2
p= [1+ (wo/cro)2] . (3.6)

The absolute value of the complex degree of coherence also remains
Gaussian, but the width oy at the source plane is replaced with o(z).
An important feature of GSM beams is that ratio of the beam width
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and coherence width stays constant as the beam propagates, i.e.,

N=—= (3.7)

is a propagation-invariant quantity. While being real-valued at the
source plane, the complex degree of coherence acquires a quadratic
phase as the beam propagates [30]. In Chapter 5.3 we will introduce
some extensions to this basic Gaussian Schell-model beam.

3.1.1 Coherent-mode representation

Even though the free-space propagation of the GSM beam can be
governed analytically, the situation is different if the beam is dis-
turbed by any object such as a simple aperture. The propagation of
such a disturbed beam must be evaluated numerically and then it is
convenient to represent the source in terms of its coherent modes.
The coherent-mode expansion of the GSM source is

W(x1,x2) = i Oy (%1) 0 (x2). (3.8)

m=0

The eigenfunctions are of Hermite—Gaussian form [33,34]

”’“”):(miaﬁ)m E (w VP ) <_w—(2)2ﬁ>

(3.9)
where H,,(x) is a Hermite polynomial of order m, and the eigen-
values (or weights of the modes) are

1+ﬁ <%>m (3.10)

When the beam propagates in free space, the eigenmodes expand

cm = SoV 2wy

laterally and acquire a quadratic phase in precisely the same way
as the modes emanating from a spherical-mirror resonator.
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3.1.2 Elementary-field representation

An alternative way to model GSM sources is the shifted elementary
mode method. Now the CSD function is expressed in the form
analogous to Eq. (2.25), as

[e0]

W) = [ pa)f (=) f(e—x)dx. @)

— 00

The elementary modes f(x) and their weight function p(x’) both
have Gaussian shapes

x2
f(x) = foexp <—E> (3.12)
and
" = 2x" 313
p(x') = poexp ) (3.13)

Their widths depend on the original beam and coherence widths of
the beam according to [22,37].

wp = woy/ 1 — B2 (3.14)

We = Wop. (3.15)

and

The elementary field, of course, propagates in free space according
to the usual propagation laws for fully coherent Gaussian beams.

3.2 CROSS-SPECTRAL DENSITY WITH FINITE NUMBER OF
MODES

In numerical modeling one must truncate the coherent-mode repre-
sentation of the GSM source by including only modes up to m = M
in Eq. (3.8), with M chosen large enough to represent the field with
a sufficient accuracy; the effective number of modes of a partially
coherent field is analyzed in Ref. [38]. The results with a finite num-
ber of modes are illustrated in Fig. 3.2, where the properties of the
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GSM source are analyzed using five lowest-order coherent modes
and assuming the same parameters as in Fig. 3.1. The inclusion of
five modes is quite sufficient to represent the intensity distribution
S(x) well, as seen from Fig. 3.2(c). Also the CSD plot in Fig. 3.2(a)
is nearly identical to the ideal result shown in Fig. 3.1(a). When
the complex degree of coherence is considered, clear differences
between the finite approximation in Fig. 3.2(b) and the exact result
shown in Fig. 3.1(b) are seen. However, these are significant only in
regions where the beam intensity is low.

(a) [W(zy, z,)| (b) |p( 1, 22)]

500
»

~ ~
= 0 = 0
= &

-500
-500 0 500 -500 0 500

500

-500 0 500

Figure 3.2: Representation of a GSM source with a finite number of coherent modes.
(a) Cross-spectral density function. (b) Complex degree of spatial coherence. (c) Field
profiles of some lowest-order eigenmodes (thin black, red, blue and cyan lines), the intensity
profile S(x) with five modes included (thick solid line), and the exact Gaussian intensity
profile (dashed line).

The number of modes that need to be included in the coherent-
mode representation depends on the degree of coherence of the
source, characterized by the parameter B. In view of Eq. (3.10), we
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have N

Cm 1 -

— = 3.16
co ( 1+ 8 ) (3.16)
Therefore, denoting by M the index of the highest-order coherent
mode included in the numerical analysis, we have cp1/cop < R if

log R
M > ,

log [(1—p)/(1+p)]
We have found that the choice R = 0.05 is sufficient to ensure nu-
merical convergence. Hence the required value of M can be deter-

(3.17)

mined from Eq. (3.17) for a GSM source of any state of coherence.

In numerical calculations with the elementary-field representa-
tion the integral in Eq. (3.11) need to be replaced by a discrete sum,
i.e., the CSD is written in the form

W(x1,x2) = % p(mAx)f*(x1 —mAx)f(xo — mAx).  (3.18)
m=—M

Figure 3.3 illustrates the properties of the CSD with the same pa-
rameters wp and op as in Fig. 3.1. The separation between the ad-
jacent elementary modes is chosen as Ax = 90A = 1.125¢p, and
M = 5. Clearly, with these parameters the intensity profile S(x)
has not yet converged to the Gaussian shape. Hence Ax should be
reduced further. Also the CSD and the complex degree of spa-
tial coherence shown in Figs. 3.3(a) and 3.3(b), respectively, dif-
fer significantly from the ideal shapes in Figs. 3.1(a) and 3.1(b).
The fluctuations in the direction of the average spatial coordinate
x = % (%1 + x2) indicate that the finite representation does not ap-
proximate the Schell model adequately well yet.

To obtain convergent results with the elementary-field method,
the sampling interval Ax must be small enough and the value of M
large enough to represent the field properly. Our numerical simu-
lations show that the choices

Ax < 0.80p (3.19)

and
M > 15wy /Ax (3.20)

ensure adequate convergence of the results.
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(a) (W (1, 2,)| (b) |p( 1, 22)]
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Figure 3.3: Representation of a GSM source with a finite number of shifted elementary
modes. (a) Cross-spectral density function. (b) Complex degree of spatial coherence.
(c) Field profiles of some elementary modes (thin lines), the intensity profile S(x) with
11 elementary modes included (thick solid line), and the exact Gaussian intensity profile
(dashed line).

3.3 SUMMARY

In this Chapter the Gaussian Schell model was presented as a useful
tool for approximate description of many real spatially partially co-
herent sources. Also the coherent-mode and elementary-field rep-
resentations of GSM sources were introduced. In addition, the ef-
fects of including only a finite number of modes were illustrated
numerically.
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4 Real sources: modeling and
measurement

In the previous Chapter we discussed ideal source models, whereas
in this Chapter we will introduce certain real-life partially coherent
light sources. Methods for characterization of their spatial coher-
ence properties are discussed and experimental results are given.

4.1 PARTIALLY COHERENT LIGHT SOURCES

To be exact, there are no light source that are spatially fully co-
herent or completely incoherent, though single-mode lasers can be
considered as fully coherent sources for all practical purposes and
thermal sources as well as surface-emitting light-emitting diodes
(LEDs) have spatial coherence areas with dimensions in the scale
of the wavelength. There are several important laser sources with
partial spatial coherence properties, including excimer lasers [27],
free-electron lasers [28,29,39], many vertical-cavity surface-emitting
laser (VCSEL) arrays [40-43], and random lasers [44,45]; see Ref. [37]
for a more thorough discussion. Also multimode edge-emitting
semiconductor lasers are spatially partially coherent, and they will
be considered in more detail below.

4.1.1 Broad area laser diodes

The class of partially coherent light sources we concentrate on are
Broad Area Laser Diodes (BALDs), which are high-power edge-
emitting semiconductor light sources [46-50]. Figure 4.1 sketches
the shape of the resonator and the asymmetric spreading of the
BALD beam. We denote the resonator dimensions by L., L,, and
L,. The main difference between BALDs and typical laser diodes
used in, e.g., telecommunication applications is the much wider
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resonator cavity of BALDs. Typically Ly ~ 100 ym, which allows a
large number of lateral modes to be excited and therefore facilitates
high output power. However, as the modes are mutually uncor-
related, this also leads to a low degree of spatial coherence and
reduced beam quality [51,52]. In y direction the resonator is much
narrower (L, ~ 1 um), which allows only one mode, and hence the
light in y direction is essentially spatially coherent. In modeling the
spatial coherence of BALDs, we can therefore restrict our study to
x direction alone.

Figure 4.1: The BALD resonator and the type of beam radiated by it.

Strictly speaking, there are nanosecond-scale temporal fluctua-
tions in the temporal intensity of BALD emission in continuous-
wave operation [53-55]. Nevertheless, we can treat BALDs as sta-
tionary sources, though their temporal coherence is low because
of the large number of co-existing and mutually uncorrelated lon-
gitudinal modes. We will see direct evidence of the longitudinal
(as well as transverse) mode structure when studying a particular
BALD experimentally in Sect. 4.2.1.

Figure 4.2 shows how the measured optical power increases lin-
early with driving current above the lasing threshold (at ~ 600 mA).
Below this threshold the BALD acts essentially as an edge-emitting
LED and emits almost spatially incoherent light in x direction (while
the emission remains highly coherent in y direction). When the
driving current rises in the linear (lasing) region, more and more
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transverse modes are excited and the coherence properties of the
BALD change (Paper II).

0.8 T " .

0.6
0.4r

ower [W]

R 0.2}

200 400 600 800 1000 1200 1400 1600 1800
current [mA]

200 400 600 800 1000 1200 1400 1600 1800
current [mA]

Figure 4.2: BALD power as function of the driving current in (a) linear scale and (b) in
logarithmic scale.

4.1.2 Modes

In the ideal case the BALD resonator may be modeled as a planar
waveguide with well-defined modes. Now, as L, > A, the tails
of the modal fields outside the resonator in the x direction are in-
significant, and it is enough to model the field inside the resonator
as a sinusoidal wave. In other words, we treat the dielectric wave-
guide as a mirror waveguide with perfectly conducting mirrors at
the edges x = £L,/2. This approximation is much closer to be-
ing realistic than the use of Hermite-Gaussian modes, which may
be used to approximate the exact waveguide modes in the case of
narrower multimode resonators. In reality the resonator has imper-
fections and the shape of the modes is rather irregular, especially
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with the BALD specimen we studied. Nevertheless, it is useful to
model the modes at the source plane by writing

V2/Lysin(rtmx/ Ly) if |x| < L,/2 and m is even
Um(x) = V/2/Lycos(mmx/Ly)  if |x| < Ly/2 and m is odd

0 otherwise,
(4.1)
where m = 1,2,3,... is the mode index. The modal fields in the far
zone can be determined by calculating the Fourier transforms

am (ke) = % | o) exp (—ikx) dx. 42)
This gives
im(—l)m/zx/ZLx% if m is even
an(ky) = o Ly (4.3)
m(—1)m-172, o S8l /2) e

2m? — K212

and by plotting these we see that in the far field a single mode
forms two symmetric peaks.

4.1.3 Coherence properties

The spatial coherence properties of the field can now be determined
by applying the coherent-mode representation. If we assume that
M + 1 modes are excited and have equal weights, the CSD may be

written as
M

W(x1,x2) = Y o (1) 0m (x2) (4.4)

m=1
Figure 4.3(a) illustrates the absolute value of the CSD at the source
plane calculated with eight ideal modes with identical weights,
whereas 4.3(b) shows the absolute value of the complex degree of
spatial coherence. Obviously the BALD can be described as a Schell
model source only approximately since there are some fluctuations
in the diagonal direction of the |u(xy,x2)| plot. The phase of the
CSD is illustrated in Figs. 4.3(c) and (d). In the experiments to be
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presented later (Figs. 4.8 and 4.13) the exit face of the BALD is im-
aged on the detector using a lens (focal length f, magnification M).
Such an imaging geometry would introduce a spherical phase term
of the form

o) =~ -8) = Bei ) @

in the image-plane CSD. In Fig. 4.3(c) the effect of such a phase term
(with B = 3.56 x 1075 rad / um?) is simulated, whereas in 4.3(d) this
additional phase is removed and the true phase of the source-plane
CSD is seen. Fig. 4.3(e) shows the intensity profile.

4.2 MEASUREMENT SYSTEMS

Measurement of spatial coherence functions of partially coherent
light sources is far more complicated than intensity measurements.
In some cases if we can assume to know the shape of the source
modes, we can detect the mode weights from the measured inten-
sity profile [56-60]. In more general cases the CSD has to be mea-
sured. Interferometric arrangements are usually employed, some of
which will be described below. We begin, however, with a spectro-
scopic method that reveals some information on the mode structure
of BALDs.

421 Imaging spectrometer

All longitudinal and transverse BALD modes have slightly different
wavelengths. One way to measure them is an imaging spectrome-
ter considered in Ref. [46], in the author’s M.Sc. thesis [61], and in
Fig. 4.4. A microscope objective f1 focuses the BALD exit face in
magnified form into the aperture plane, and a second lens 2 im-
ages this on the camera. The grating spectrometer images the facet
of the BALD on the detector, with different wavelengths shifted lat-
erally, thus allowing one to view directly the spatial distribution
of spectral density S(x,A). Double pass on the grating is used to
increase the resolution of the system.
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Figure 4.3: BALD coherence properties with ideal modes. Absolute values of (a) the cross
spectral density function and (b) the complex degree of coherence. Phase of the CSD with
(c) and without (d) a spherical component. (e) The intensity profile.

The spatial spectrum of our BALD specimen is shown in Fig. 4.5.
We observe a quasi-periodic pattern with a complicated structure
that roughly repeats itself at a distance AA; ~ 0.04 nm. This
distance corresponds well to the longitudinal mode spacing of a
Fabry—Perot resonator of length L, = 1500 ym. The spaces between
the longitudinal modes are filled (in fact overfilled) with many
transverse modes, spaced in wavelength scale by AAr ~ 0.003 nm
[61]. The structure of each transverse mode in x direction is, of
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Figure 4.4: Double pass imaging spectrometer.
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Figure 4.5: Measured spatial spectrum of the BALD.

course, different but rather difficult to judge precisely from Fig. 4.5.
When comparing our measured data to corresponding results in
Ref. [46], we see that the resonator and the modes of our BALD are
much less ideal, and most importantly very asymmetric. Therefore
simulation with the symmetric ideal modes does not work well in
our case.

The advantage of the system in Fig. 4.4 is its ‘immediate’ op-
eration, as the shape of every mode can be captured with a single
snapshot. The disadvantages include limited resolution of the sys-
tem: every mode is represented in an image of the laser facet but
the transverse and longitudinal modes overlap, which makes sep-
arating the spatial modes difficult. Nevertheless this method has
been used to modulate the phase profiles of BALD modes [47].
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The method just described gives rough information on the mode
structure but does not allow a reliable modeling of the coherence
properties of BALDs. From now on we concentrate on direct mea-
surement of spatial coherence, ignoring the finite spectral band-
width of BALD radiation.

4.2.2 Young's double pinhole system

The classical Young’s double pinhole experiment [6,7, 62] had a
major role in the acceptance of the wave nature of light in the nine-
teenth century. Later this setup was important in the development
of coherence theory of light: the degree of spatial coherence is tra-
ditionally defined as the visibility of fringes in Young’s interfer-
ometer [9]. If we position the pinholes into coordinates x; and
xp, we easily get the absolute value of complex degree of coher-
ence u(xq,x2), and its phase can be found from lateral shifts of the
fringes. The entire CSD can be measured by scanning the pinholes
over the all combinations of x; and x; and, in addition, measuring
the intensity profile S(x).

In paraxial approximation the intensity pattern behind the pin-
holes (at a sufficiently large distance, where the radiation fields
from the pinholes overlap spatially) is [63]

S(x') = S1(x) + Sa(x') 4+ 2[S1(x')Sa(x")]V?

2
X |p(x1,x2)| cos [p(x1,x2) + P (4.6)
dAg

where a is the distance between the pinholes and d is the distance
from the pinhole plane to the detector (see Fig. 4.6). Furthermore,
S; are the intensities detected when only pinhole j is open; S; de-
pend on the shape and size of the pinholes, and on the incident
intensity S(x;). The origin of the coordinate axis x’ is normalized to
the center of the pinholes and ¢(x1, x7) is the phase of p(x1, x2). If
we measure S(x), S1(x’), and S2(x’), we may normalize the fringes
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Figure 4.6: Young’s double pinhole interferometer with partially coherent light.

as

S(x') — S1(x') — Sa(x')
2[S1(x")S2(x")]1/2

C(x') =

4ma ,

it x'|. 4.7)

= [u(x1, x2)[ cos | Pp(x1, x2) +
By fitting the sinusoidal curve on the bottom line to the measured
top line, we find |p(x1, x2)| and ¢(x1, x2).

The practical problem with Young’s interferometer is how to
move the pinholes fast enough to scan the whole CSD within a rea-
sonable period of time. For example, placing and aligning a new
pinhole mask for each different spacing is obviously cumbersome
and impractical. Several designs for more practical measurement
systems has been suggested and demonstrated. For example, over-
lapping masks with crossed-slit apertures moved with mechanical
translation stages were used in [64]. Light could also be coupled
into two moving optical fibers [65-67]. A reversed-wavefront Young
interferometer, where two replicas of the measured beam are cre-
ated on a pinhole mask with a beam-splitter is described in [68].
The degree of coherence at several coordinate pairs can be mea-
sured at once by analyzing the complicated fringe pattern after a
mask with multiple apertures [69]. Many of these methods are still
mechanically too slow to measure the two dimensional W (x1, x2)
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with sufficiently dense sampling. While we assume that the mea-
sured light is quasimonochromatic and can therefore ignore the
chromatic effects after the pinholes, measurement of spatial coher-
ence of polychromatic light is also possible with special arrange-
ments [70].

4.2.3 Interferometer realized with digital micromirror device

Digital micromirror devices (DMDs) are micromechanical spatial
light modulators originally developed for digital video projectors.
They can tilt each pixel between on and off positions hundreds of
times per second to create shades of light, while different colors are
produced by illuminating the mirrors with one of the three main
colors at the time at a faster rate than the human eye can notice.
However, DMDs have also been used for many other applications
to measure and modify light [71-76].

We purchased and modified a Texas Instruments DLP Light-
Crafter projector module, and removed light source LEDs and the
projector lens that were not needed in our experiments. The whole
measurement system is depicted in Fig. 4.7(a). The mirrors are
arranged in an array with diamond orientation as illustrated in
Fig. 4.7(b), where also the focused image of BALD exit facet is
shown. The pinholes (in fact slits) are rows of mirrors in coordi-
nates x; and x,, tilted towards the camera. It should be noted that
the DMD works as an grating and the light is reflected into sev-
eral diffraction orders, not to a single beams as shown in Fig. 4.7(a)
for simplicity. A similar device could also be build using reflec-
tive or transmissive liquid crystal spatial light modulators, but the
problem is their poorer contrast between dark and light pixels and
possibly their slower operation compared to DMDs [77].

Figure 4.8 illustrates the measured complex-valued coherence
function of the BALD operating at 1000 mA driving current, i.e.,
well above the lasing threshold. Figure 4.8(a) shows the absolute
value |W(x1,x2)| and 4.8(b) illustrates |u(x1,x2)|, and the directly
measured phase is depicted in 4.8(c). Because of the imaging lens
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Figure 4.7: (a) The DMD-based Young's interferometer setup and (b) the arrangement of
the digital micromirrors.

in the system and propagation of the beam, the phase also includes
a spherical phase front. This extra phase is removed numerically in
4.8(d). Finally, the intensity profile is depicted in 4.8(e). We see that
the resolution of our system is sufficient to detect even the small
details of CSD. The measurement of one data point takes about one
second, and scanning of the whole CSD about two hours.

In Paper II we describe the system in more detail and use it to
characterize the BALD also with other driving currents. In Paper
III we used the system to measure generated specular beams and in
Ref. [78] to measure a beam modulated by a deterministic rotating
spiral diffuser.

4.3 GAUSSIAN SCHELL MODEL BEAMS GENERATED BY RO-
TATING DIFFUSERS

A simple method to produce light fields with Gaussian-shaped de-
grees of coherence is to use a random rotating diffuser, which can
be just a ground piece of glass or plastic [79]. The spread angle
of scattered light depends on the roughness of the diffuser and the
coherence area can be controlled by changing the laser spot size on
the diffuser by the focusing lens.
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Figure 4.8: Measured BALD coherence properties. (a) Absolute value of the CSD. (b)
Absolute value of the comlex degree of coherence. (c) Directly measured phase of the CSD.
(d) Phase after the spherical phase is removed. (e) Measured intensity profile.

Let us assume that the Gaussian beam incident on the diffuser
has an intensity profile

L

: 20"
S(p') = Soexp — 2 | (4.8)

If the roughness scale of the diffuser is small compared to wy, the
time-averaged field after the diffuser can be approximately consid-
ered as a stationary, spatially incoherent secondary source. It then
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follows from the vanCittert-Zernike theorem [1] that a spatially
homogeneous field (with a uniform intensity distribution) is gen-
erated in the paraxial region, with a Gaussian degree of complex
degree of coherence

Ap?
1(Ap) = exp Gﬂ) , (4.9)
where A
o= 12 (4.10)
TTWr,

z being the propagation distance. If the scattered field is collimated
by a lens of focal length f = z and a Gaussian transmission filter
with complex-amplitude transmittance

tp) = exp (—"i) (4.11)

is placed behind the lens, a secondary Gaussian Schell-model source
characterized by parameters wg and oy is formed [80].

It should be noted that light is detected as partially coherent
only when the integration time of the detector is sufficiently large.
The instantaneous intensity distribution of the scattered field is a
speckle pattern, which is smoothed out when the diffuser rotates
and the incident field sees different realizations of the diffuser sur-
face.

44 WAVEFRONT FOLDING INTERFEROMETER

The Wavefront Folding Interferometer (WFI) is a modification of
the traditional Michelson interferometer, where one or both of the
mirrors is replaced with retroreflecting right-angle Porro prisms. If
two prisms are used, they are placed perpendicular to each other
as illustrated in Fig. 4.9. The prisms then fold the incident beam
in x and y directions so that the (x,y) and (—x, —y) coordinates of
the original beam overlap in the output plane D. If the prisms are
tilted slightly, interference fringes are seen at the D plane, and the
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Figure 4.9: Wavefront folding interferometer. The source S generates a collimated incident
beam, which is split into the parts by the beam splitter BS, folded by Porro prisms P1 and
P2, an recombined before arriving at the detector D in the output plane.

visibility of these fringes can be used to measure the spatial coher-
ence of the incident field [80-82]. The coherence of vertical-cavity
surface-emitting lasers (VCSELs) was measured in with this kind of
setup in Ref. [83] and slightly different configuration was used in
Ref. [84]. Because of wavefront-folding nature of the interferometer,
a complete coherence characterization of the CSD is possible only
if the incident field is of the Schell-model form.

Figure 4.10 shows an example of interference fringes captured
with a WFI with only one Porro prism. The incident field is ob-
tained by illuminating a rotating diffuser with a ring-like intensity
profile produced by an axicon [85] and a focusing lens, and thus
a Bessel-correlated field [86] with a uniform-intensity distribution
is incident on the WFI. More general use of axicons with partially
coherent light has been discussed in Refs. [87,88]. The horizontal
line in the center of the figure is caused by the corner of the prism.
More details of the experiment will be found in the forthcoming
Master’s thesis by Najnin Sharmin.
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Figure 4.10: Bessel correlated light field measured with WFI. (a) Interference fringes.
(b) Absolute value of the complex degree of spatial coherence.

4.5 SPECULAR BEAMS BY WAVEFRONT FOLDING INTER-
FEROMETER

The output light from a perfectly aligned WFI also has many inter-
esting properties, which we studied in Paper III. If the prisms are
not tilted, the flipped fields overlap without producing interference
fringes. The output of the WFI illuminated by a coherent field vy is

o(x,y) = % [o0(x, —y) + v0(—x,y) exp (i¢)], (4.12)

where ¢ is the phase difference between the fields arriving from the
two interferometer arms. Therefore the output CSD has the form

1
W(x1,y1,x2,y2) = = [Wo(x1, —y1, X2, —y2) + Wo(—x1,y1, —x2,2)]
2

1 .
+ 5 [Wo(xl, —V1, —xz,yz) exp (i)

+Wo(—x1,y1, X2, —Yy2) exp (—ig)] . (4.13)

With choices ¢ = 27tn and ¢ = 71/2 + 27tn the output CSD is spec-
ular or antispecular, respectively [89]. In the specular case the con-
dition W(—x1, —y1,x2,y2) = W(x1,y1,X2,2) holds, and in the an-
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tispecular case W(—x1, —y1,x2,¥2) = W*(x1,y1,X2,2), as we can
readily see from Eq. (4.13).

In Paper III we consider in detail the case in which a Gaussian-
correlated field with coherence width oy is incident on the WFI. In
this case a central intensity peak with characteristic width op on a
uniform background is predicted in the specular case, while a cen-
tral dip with the same width is predicted in the antispecular case.
The CSD, when considered as a function of x; and x, (or y; and y»)
exhibits a distinctive cross shape with diagonal and antidiagonal
arms. These features are illustrated in Fig. 4.11, which shows the
theoretical values of the CSD functions of specular and antispecular
beams. The top row represents the spectral density and the mid-
dle row shows the (real-valued) CSD with color scale from —2 to 2.
The bottom row illustrated the (also real-valued) complex degree of
coherence with color scale from —1 to 1. We see how the intensity
peak and specular coherence arm disappear and transform into an
intensity dip and an antispecular arm, respectively, when the value
of ¢ changes. The case with ¢ = 0.57 is just the normal GSM beam.
The scale of the x; and x; axes of the lower figures is the same as the
x axis of the top row. The used parameters are wy = 600, oy = 120,
and Sp = 1, in arbitrary units.

It is also shown in Paper III that if the WFI is illuminated by
a GSM beam, the central intensity peak or dip is observed on a
Gaussian background. These features survive as the output beam
propagates; in fact the output beam is shape-invariant in the sense
that only its scale expands upon propagation.

Figure 4.12 depicts our experimental setup. First a rotating dif-
fuser modulates the coherent input HeNe laser beam into a partially
coherent field with Gaussian coherence properties as described in
Sect. 4.3. A lens f2 collimates the field into the WFI. We mounted
the second prism in our setup on a piezo translation table to fine
tune ¢. Finally the DMD Young’s interferometer setup introduced
earlier was used to measure W(x1, x2).

Figure 4.13 depicts measured coherence properties of a field cre-
ated with the WFI. In Fig. 4.13(a) we show the absolute value of the
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Figure 4.11: Theoretical CSD for specular and antispecular beam with five values of phase
difference ¢. Top row: spectral density, middle row CSD, bottom row: degree of coherence.

CSD, while 4.13(b) shows the absolute value of the degree of co-
herence. Both plots reveal the distinctive cross-shaped nature of
the CSD, predicted theoretically above. Figure 4.13(c) illustrates
the phase of the CSD before the spherical phase introduced by
the spreading of the beam and imaging lenses is removed, and
4.13(d) shows the true phase of the CSD once this is done. Finally,
Fig. 4.13(e) depicts the intensity profile of the beam measured with
the interferometer system.

It should be noted that the measurement data shown in Fig. 4.13
is from early experiments, and the results demonstrate some prob-
lems we initially encountered with our experimental setup (corre-
sponding results from later experiments are presented in Paper III).
We measured the CSD for all (x1, x2) combinations without making
use of the Hermiticity of the CSD, which implies the symmetry
W(x1,x2) = W*(x2, x1). When we compare the top left and bottom

Dissertations in Forestry and Natural Sciences No 209 37



Henri Partanen: Modeling and measurement of partial spatial coherence

camera 1

prism 2

<>7 piezo

rotating
diffuser prism 1

Figure 4.12: Beam modification with a wavefront folding interferometer and measurement
with Young’s DMD interferometer.

right corners, we see that this symmetry is slightly broken because
the setup has drifted over the long measurement time. Also the
wide flat right angle corner of the prism is also visible. In Paper III
we fixed these issues by actively compensating the piezo position
and using prisms with a sharper right-angle corner.

4.6 SUMMARY

Spatial coherence properties of partially coherent light sources, specif-
ically broad-area laser diodes, were modeled and characterized ex-
perimentally using both a high-resolution imaging spectrograph
and Young’s interferometer realized by means of a DMD spatial
light modulator. Coherence measurements and coherence modula-
tion with a wavefront-folding interferometer were then considered.
It was shown that interesting types of partially coherent fields with
specular and antispecular cross-spectral density functions can be
generated in this interferometric setup.
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Figure 4.13: Measured properties of a WFI output field. (a) Absolute value of the CSD.

(b) Absolute value of the complex degree of coherence. (c) Directly measured phase of the
CSD. (d) Phase after removal of the spherical term. (e) Intensity profile.
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5 Propagation and coupling
of light

In the previous chapters we have discussed the modeling and mea-
surement of partially coherent light at the primary or secondary
source plane. Now we will discuss the propagation of light radi-
ated by such sources, first in free space and then in waveguides. In
particular, free-space propagation of BALD radiation and coupling
of spatially partially coherent light into planar wavequides will be
discussed in detail.

51 ANALYTICAL FORMULATION

Propagation of coherent light in free space may be governed using
the angular spectrum method. Considering a y-invariant geometry,
we assume that the field v(x) at the source plane z = 0 is known.
Then the field at an arbitrary distance z is given by [1]

v(x,z) :/OO a (ky) exp (ikyx) exp (ik,z) dky, (5.1)

where a(ky) is the angular spectrum of plane waves associated with
the field at z = 0, defined as

a(ky) = % /Oo v (x) exp (—ikyx) dx. (5.2)

— 00

VIR — K2 if k| <k
k, = 0 x| < (5.3)
i\/k2— kG if |ke| >k

and kg = 27/ Ag is the vacuum wave number. Plane-wave compo-

Furthermore

nents with real-valued k, are homogeneous (propagating) waves,
while those with imaginary-valued k, are evanescent waves.

Dissertations in Forestry and Natural Sciences No 209 41



Henri Partanen: Modeling and measurement of partial spatial coherence

The angular spectrum approach can be readily expanded to
propagate partially coherent light by using the definition of the
CSD. We then have

W(x1,x2,2 // (kx1,ky2) exp [i (kxoxo — ky1x71)]

x exp [i(kzn — k%) z] dkyi dkyo, (5.4)
where
Alky, ky // (x1,x2) exp [i (kx1x1 — kx2X2)] dxy dxp
(5.5)

is the angular cross-correlation function. which was already intro-
duced in Sect. 2.1.

Analytical solutions of this propagation integral are rare, but in
fact not many are known even in the paraxial domain, where the
evanescent plane-wave components can be neglected and k, may be

expressed as

k2

The most useful case in which an analytical paraxial solution is
possible is that of a Gaussian Schell-model beam [1].

5.2 NUMERICAL IMPLEMENTATION

It is worth stressing that propagating the CSD directly is possible in
the y-invariant case since only two-dimensional integrals appear in
the angular spectrum representation. We may formally write (5.4)
and (5.5) as

W(x1,x2,2) = Fkxz{f]; [A(ky1, kx2) exp(ikaz)] exp(—iknz)} (5.7)

and

A(kx1,kx2) = fj;zl{fxl [W(xl,xz)]}, (58)
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where F; is Fourier transform with respect to index j = 1,2. The
Fourier transforms involved in these expressions may be evaluated
numerically using the Fast Fourier Transform algorithm.

Although direct propagation of the CSD is numerically feasible
in the y-invariant case, the computations are faster if we decompose
the CSD into coherent modes as described in Sections 2.2 and 2.4.
Numerical issues concerning beam propagation, such as aliasing,
and methods to overcome them have been discussed in [90-92].

5.2.1 Propagation of broad area laser diode beam

Let us now give a real-life example of propagation of partially co-
herent light with fine structural details; more details are given in
Paper II. Propagation of a beam from our broad area laser diode
with driving current 700 mA is presented in Fig. 5.1. Because light
from the BALD diverges fast, we imaged the BALD output facet us-
ing a microscope objective with 10x magnification. We measured
the intensity profiles around the image plane (z = 0 in Fig. 5.1) at
1 mm intervals with a CMOS camera placed on a rail, over a region
64 mm before and 60 mm after the image plane. We normalized the
intensity profiles to cancel the spreading of the beam in the y direc-
tion. The measurements reveal a highly structured field intensity
distribution around the image plane.

Figure 5.1 also illustrated simulated results obtained with three
different models with different levels of accuracy. Fig. 5.1(b) de-
picts simulated beam propagation calculated with angular spec-
trum method from a CSD function data measured at the image
plane (z = 0). We first solved the coherent modes from the measure-
ment data using Eq. (2.22), propagated them individually forwards
and backwards from z = 0, and summed the resulting intensities
incoherently. Since the CSD at the source plane is simply a 10x de-
magnified version of this CSD, we were also able to propagate the
beam upwards from the source plane (z = —184.6 mm) to the plane
lens (z = —167.9 mm) and these results are also shown in the sim-
ulation. The match between the measured and simulated results is
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Figure 5.1: Measured and simulated BALD beam propagation with 700 mA driving cur-
rent. (a) Measured intensity distribution (the crossed areas were not measured). (b) Sim-
ulated of beam propagation using the Mercer coherent-mode approach in Sect. 2.2. (c)
Simulation with the shifted elementary-field representation of Sect. 2.4 using the modes
and the weigh function calculated from angular and source plane intensity distributions,
respectively. (d) Simulation with elementary modes with a Gaussian mode shape and a
top-hat weight function.

excellent: even the small chaotic-looking details of the beam can be
predicted.

We could also have propagated the field by using the measured
CSD data directly since this method and the coherent-mode method
are fundamentally equivalent. However, we noticed that the mea-
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sured CSD is not exactly nonnegative definite because of small mea-
surement inaccuracies. This method resulted in small (unphysical)
negative intensities in some areas, but such error were quite in-
significant.

The direct coherence measurement method is rather time con-
suming as one measurement took about two hours. In the case of
two-dimensionally partially coherent fields such measurements are
not possible at all unless the CSD is separable in x and y coordi-
nates. Fortunately, if the elementary-field approach is used and the
source is quasihomogeneous, one only needs to measure the source-
plane (or alternatively image-plane) and far-field intensity distribu-
tions to determine the weight function and the elementary field,
respectively. Figure 5.1(c) depicts simulation results using shifted
elementary mode method. When modeling this kind of imaging
systems the phase front of the lens has to be considered separately
for elementary-field to correctly model the behavior of the beam be-
fore and after the image plane. We see that the asymmetric shape of
the beam is well predicted but the small details are lost because the
approach is an approximation (the BALD source does not obey ex-
actly the assumptions of the elementary-field model). Nevertheless,
the results are sufficiently accurate for most practical purposes.

In Fig. 5.1(d) we used an even simpler version of the elemen-
tary field method, assuming that the elementary field is a Gaussian
beam with a spread angle that best matches the measured angular
intensity distribution, and the weight is a simple top-hat function
with a width of the BALD resonator. Naturally this method does
not predict the asymmetry of the beam, but the over all spread-
ing matches well. The most suitable method should be selected by
considering the accuracy requirements of the application in hand.

Figure 5.2 illustrates similar simulations with 500 mA driving
current of the BALD, which is below the lasing threshold and there-
fore the BALD operates essentially as a edge-emitting LED. Un-
fortunately, directly measured propagated intensity data was not
available in this case. All three methods now give very similar
results, indicating that for truly quasihomogeneous low-coherence
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Figure 5.2: Simulated BALD beam propagation with 500 mA driving current.
(a) Coherent-mode method. (b) Shifted elementary field method. (c) Elementary-field
method with a Gaussian mode shape and a top-hat weight function.

sources (such as LEDs), the elementary field method gives very ac-
curate simulation results. In this case very little knowledge about
the source is required.

5.3 COUPLING INTO PLANAR WAVEGUIDES

So far we have considered light propagation in free space, but now
proceed to discuss the use of the coherent-mode representation of
partially coherent fields to simulate end-butt coupling of light into
a planar waveguide and the propagation inside it. Partial coherence
in waveguides and fibers has been studied for several decades [93-
96]. More detailed results on the topic considered in this Section
are given in Paper IV.

For simplicity we assume that entire geometry (including the
incident field) is y invariant. Then each propagating mode inside
the guide has a propagation-invariant form

U (x,2) = Xin(x) exp (iBmz) , (5.9)
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where real-valued and orthogonal function X, (x) describe the spa-
tial shapes of the modes and B, are their propagation constants.
Let us assume that the front end of the waveguide is located at the
plane z = 0 and assume that the CSD at this plane is given by
Eq. (3.8), i.e.,

W(x1,x2) ch (x1)vn(x2), (5.10)

with known modal shapes v, (x) and weights c,. If we ignore the
reflection from the waveguide interface, then a part of the light is
coupled into propagating modes and the rest into radiating modes.
Each coherent-mode contribution to the incident CSD can now be
expanded in terms of the waveguide modes as

V/Cnn (x Z PrumXm(x) + radiation modes (5.11)

where M is the number of the guided modes supported by the
waveguide. Every incoming coherent mode may generally couple
to several guide modes; therefore a group of suitably weighted
guide modes corresponds to a single input mode. The guided
modes are mutually coherent and therefore interfere with each other,
but incoherent compared to groups corresponding to other input
modes.

The way input and guided field modes couple depends on how
well their spatial shapes match. We get the weights p,,;, by evaluat-
ing the overlap integral [63]

Prm = \/a/_oo U () X (x)dx. (5.12)

If the waveguide is weakly modulated this method gives accurate
results [97]. Now the CSD inside the guide at any distance z > 0
inside the waveguide is

M-1M-1

[e)e]
Wy (x1,%2,2) = ) Y. PrmPng
n=0m=0 g=0

X X (x1) Xy (x2) exp [—i (B — By) 2] - (5.13)
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If we have a symmetric waveguide with guide-layer thickness d
and the following refractive index distribution

n(x) = oM il <d/2 (5.14)
ne if|x| >d/2,

the TE-polarized modes have the form [63]

Ccos(ayd/2)exp[—ym(x —d/2)] ifx>d/2
Xin(x) = ¢ Cy cos(ax) if —d/2lx| <d/2

Cn cos(ayd/2) exp[ym(x +d/2)] if x < —d/2
(5.15)
form =0,2,4,... (symmetric modes) and

Smsin(a,d/2) exp[—ym(x —d/2)] ifx >d/2

X (x) = S Sy sin(ay,x) if |x| <d/2
—Smsin(a,d/2) explym(x+4d/2)] ifx < —d/2
(5.16)

form =1,3,5,... (antisymmetric modes), with

1/2
2.2 2
&m = (kO g_:Bm> ’

U (5.17)
Yo = (B — Kgme) "
The propagation constants can be solved from equation
tan (apd/2 — mm/2) = 1 (5.18)
m
and the normalization constants are
. ~1/2
Cow = F . sin(and) | cos® (wnd/ 2)] / , (519
2 Z(Xm ')’m
. . -1/2
5, = d _sin (apd) i sin? (a,,d /2) . (5.20)
2 20(711 'Ym

In our numerical modeling we assume that the incident beam is
of GSM form, but let it be shifted, tilted, or defocused with respect
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to the front end of the wave guide. Therefore the modal fields
including these alignment errors may be expressed as

ou(x,7) = (%%ﬁ)/ [ e lig(z) /2

V2
Hr [w(zw

(x —x0 — 90A2)2

X exp [— 2(2)B
x exp [ikofp (x — xo — BpAz)]

(x —x0 — GoAz)]

iko 2
exp [2R(Z) (x —x0 — 6pAz)

(5.21)

with ¢(z) = koAz — arctan (Az/zr). The parameters xo, 6y, and Az,
represent the amount of lateral shift, angular tilt, and longitudinal
defocus, respectively. The weights of the modes are

_ B (1-BY"
Cp = somonﬁ (m) . (5.22)

The other parameters are of the usual form for the coherent modes
Hermite-Gaussian beams: denoting the Rayleigh range by zr =

nw3 /A and defining B = [1 + (wo/0)] Y3,
A 5\ 172
w(z) = wy (1 + —i) (5.23)
2R
is the beam width at position z,
o(z) = Lw(z), (5.24)
wo
is the rms coherence width, and
72
R(z) =Az+ R (5.25)

Az

is the radius of curvature of the wave front.
Figure 5.3 provides one example of coupling of an imperfectly
aligned incident beam into the waveguide. Here the parameters are
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Figure 5.3: Coupling of a GSM beam into a waveguide. (a) The absolute value of the
incident CSD. (b) The absolute value of the guided CSD. (c) The phase of the incident
CSD. (b) The phase value of the guided CSD. (e) Intensity profile of the quided field inside
the waveguide. (f) Comparison of the intensities of the incident and guided fields at z = 0.

wo = 5.09)\0, oy = 4/\0, d= 10)\0, i’lg = 1.503, ne = 1.500, Xp = 2)\,
8o = 2°, and Az = 0Ag. This waveguide supports two propagating
modes. In Fig. 5.3(a) we show the absolute value of CSD of the
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input beam right before the interface and 5.3(b) illustrates the CSD
of the coupled beam right after the interface. In 5.3(c) and (d) we
show the corresponding phases. Propagation of the field inside
the waveguide is illustrated in 5.3(e), from which we see how the
intensity alternates periodically, repeating itself after interval of 800
wavelengths. Therefore we may call the guided field self imaging.
Finally, in 5.3(c) we compare the input and coupled intensities. The
boxes and lines in the figures represent the edges of the waveguide,
x = +d/2.

More results with different parameters are shown in the Paper
IV. Waveguides with similar structure have also been studied in
THz [98] and X-ray [99,100] regimes.

54 SUMMARY

In this Chapter we propagated partially coherent beams in free
space using measured coherence data. While this method is very
accurate, the measurement to acquire the required data may take
too long for routine use. Fortunately the elementary-field method
was seen to often provide sufficiently accurate results with very
simple measurements. We also considered the application of the
coherent mode decomposition of partially coherent light to propa-
gation in optical systems. In particular, coupling of light into planar
waveguide was considered as an example.
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6 Discussion and conclusions

In this thesis we summarized the basic concepts of spatial coherence
of scalar fields together with two types of modal representations,
described the Gaussian Schell model (GSM) as a useful approxima-
tion of many partially coherent fields, and studied briefly numerical
sampling issues with the aid of the GSM fields. Then we intro-
duced some coherence measurement systems and concentrated on
the broad area laser diode as our real example source. Finally, a
theoretical model for coupling partially coherent light into planar
waveguides was presented.

Some of the work reported in this thesis is of theoretical na-
ture (in particular Paper IV) with numerical simulation on propa-
gation of partially coherent fields. Much of the emphasis, however,
has been on experimental characterization of spatially partially co-
herent fields generated by real sources (such as BALDs) and field
obtained by interferometric conversion of conventional partially co-
herent fields. Experimental verification of many interesting phe-
nomena in optical coherence theory is still missing, perhaps be-
cause most members of the optical coherence research community
are theoretically oriented. The results presented here and in the as-
sociated Papers I-III should therefore be a welcome addition to the
existing literature.

Our realization of the classical Young’s interferometer with a
digital micromirror device (DMD) is novel technological approach
to spatial coherence measurement. The device is capable of de-
tecting both the absolute value and the phase of the cross spectral
density, allowing numerical construction of the coherent-mode rep-
resentation of a partially coherent field from experimental results at
a higher resolution than ever before (to our knowledge). As a result,
even the small details of the BALD were resolved, and theoretical
models based on these results agreed with direct measurements
of the propagated beam surprisingly well. With some further de-
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velopment, our prototype could have many applications in science
and industry, for example when the behavior of a high power laser
beam in optical systems need to be modeled. With a more sensi-
tive camera and a more polished control software, the speed of the
system could be increased further.

Even with the DMD setup, the measurement of the CSD at high
resolution takes hours. However, it was demonstrated that rela-
tively simple intensity measurement systems without special com-
ponents can be useful for characterization of the coherence prop-
erties of real light sources and beams radiated by them. When the
elementary-field method is used, it is enough to simply measure the
intensity profiles at the source plane and in the far zone to deter-
mine the shape of the elementary modes and their weight function,
and subsequently simulate the field propagation numerically at an
accuracy that is sufficient for most practical applications.

In most of this thesis we only considered y invariant sources
and fields, measuring and calculating the coherence functions only
in the x direction. This was well justified for BALDs, which are
essentially coherent in the y direction. However, many other light
sources can at least be approximated as being separable in x and
y directions, and therefore it is enough to measure the CSD sepa-
rately these directions, yielding W(x1, x2) and W(y1,y2) that can be
multiplied to form the entire CSD. If the source is more complicated
and CSD is inseparable, a four-dimensional CSD W (x1, x2, y1,12) is
required. The measurement time would then increase beyond any
practical limit even with our reasonably fast measurement set up, at
least if high-resolution such as those presented in this thesis are re-
quired. Therefore, in the future, it is important to consider suitable
sampling criteria for different kind of lights sources, so that we do
not waste time measuring unnecessary information to model the
spatial coherence properties of light. The author has already car-
ried out some simulations to this end, which however were not
presented above and may lead to a publication.

We also assumed throughout the thesis that the sources are lin-
early polarized and can therefore be described by the scalar the-
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ory of light (at least in the paraxial domain). Many realistic light
sources are, however, either partially polarized or essentially unpo-
larized. To handel beamlike sources (and fields) we need to expand
the analysis to the domain of electromagnetic optics. In the case of
highly directional (beamlike) fields, the scalar CSD used here must
be replaced by a 2 x 2 CSD tensor. If the angular spread of the radi-
ated beam extends to the non-paraxial domain, the CSD tensor that
should consider is a 3 x 3 tensor, which also takes into account the
z component of the electric field.

Experimental characterization of full vectorial CSD tensors is
not easy, but the diagonal components of the tensor may at least
in some cases be measured by placing a rotatable polarizer in front
of the beam. The off-diagonal components are more difficult to
treat and would require at least polarization modifications on the
Young’s measurement pinholes separately. This in turn would prob-
ably require a customized array of controllable micro polarizers.
Also we would have to detect the interference fringes in terms of
the degree of polarization instead of an easily detectable intensity
as we now did in traditional Young’s experiment. The author en-
visages that a lot of effort will be needed to resolve this kind of
question, at both theoretical and experimental levels.

We demonstrated how coherence properties of light can be mod-
ulated using simple wavefront folding interferometer. We also de-
scribed how the time-averaged degree of coherence may be de-
creased using a simple rotating diffuser. Modifications of state of
coherence can be important for example when trying to get rid off
speckle pattern in laser illumination systems. However, also these
studies were restricted to the domain of scalar optics. Interesting
new polarization-dependent phenomena might be revealed by il-
luminating the interferometer with vectorial fields having a space-
variant polarization state.

Finally we presented a theoretical approach for coupling par-
tially coherent beams into planar waveguides, considering only TE
polarization. Further work is needed to characterize other waveg-
uides, such as planar waveguides of more complicated form than
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the single-layer guide considered here, optical fibers (including micro-
structured and photonic-crystal fibers), and two-dimensional chan-
nel waveguides. In two-dimensional geometries the electromagnetic
nature of light would again have to be considered.

As a final remark, it has become clear to the author that not
all questions that arise during one’s Ph.D. work can be answered
during the limited time period allowed for the completion of the
thesis.
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HENRI PARTANEN
Modeling and
measurement of partial
spatial coherence

This thesis considers methods to
measure and model the coherence
function of the light sources. Young’s
interferometer realized with digital
micromirror devices is introduced
and the data is used to accurately
simulate the behavior of the beams.
Broad area laser diode is used as

an example of a clearly partially
coherent source with complicated
modal structure. Methods to modify
the coherence are considered.
Finally coupling of the partially
coherent beams into waveguides is

analyzed.
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