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Abstract Three optical components of a fly’s eye deter-
mine the angular sensitivity of the photoreceptors: the
light diffracting facet lens, the wave-guiding rhabdomere
and the light-absorbing visual pigment in the rhabdo-
mere. How the integrated optical system of the fly eye
shapes the angular sensitivity curves is quantitatively
analyzed in five steps: (1) scalar diffraction theory for
low Fresnel-number lenses is applied to four different
facet lenses, with diameter 10, 20, 40, and 80 pm, re-
spectively, assuming a constant F-number of 2.2; (2)
optical waveguide theory is used to calculate waveguide
modes propagating in circular cylindrical rhabdomeres
with diameter 1.0, 2.0, and 4.0 um, respectively; (3) the
excitation of waveguide modes is studied with the tip of
the waveguide positioned in the focal plane as well as
outside this plane; (4) the light absorption from the
various propagated modes by the visual pigment in the
rhabdomere is calculated as a function of the angle of
the incident light wave; and (5) the angular sensitivity of
the photoreceptor is obtained by normalizing the total
light absorption. Four wavelengths are considered: 300,
400, 500 and 600 nm. The analysis shows that the
wavelength dependency of the lens diffraction is strongly
compensated by that of the waveguide modes, an effect
which is further enhanced by the decrease in light ab-
sorption when the mode number increases. The angular
sensitivity of fly photoreceptors is robust to defocus and
largely wavelength independent for all except very
slender rhabdomeres.
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Introduction

Animal eyes sample optical information from the envi-
ronment with their photoreceptor array. The photore-
ceptors of compound eyes are organized in small units,
the ommatidia, recognizable in the intact eye by the
facets. The facet lens focuses light into the photorecep-
tors, and the surrounding screening pigment cells protect
the photoreceptors from off-axis and stray light. The
photoreceptors capture light with their visual pigment
molecules, which are concentrated in slender, cylindrical
structures, the rhabdomeres. In fly eyes, the rhabdo-
meres of the individual photoreceptors are spatially
separate, each functioning as a single optical waveguide
(reviewed by Hardie 1985). The tip of the rhabdomere
more or less coincides with the focal plane of the facet
lens. Due to its small cross-section, incident light is
channeled into the rhabdomere from a narrow range of
directions, giving the photoreceptors limited fields of
view. The field is given by the spatial distribution func-
tion, called the angular sensitivity (van Hateren 1984).
The angular sensitivity often approximates a Gaussian
function (Go6tz 1964; Warrant and Mclntyre 1993); its
symmetry axis, marking the direction of maximal sen-
sitivity of the photoreceptor, is called the visual axis. The
lattice of the visual axes together with the angular sen-
sitivity of the individual photoreceptors determines the
spatial acuity of the eye.

Understanding an animal’s visual behavior inevitably
requires knowledge of the optical performance of the
eyes, and therefore the optical factors determining spa-
tial acuity and angular sensitivity take the center stage in
discussions of eye design (see, for example, Warrant and
Mclntyre 1993; Land and Nilsson 2002). Facet lenses
are small, and therefore diffraction is thought to be the
principal limit to the spatial acuity of insect eyes. The
other limitation is the width of the rhabdomere (or that
of the fused rhabdom, in apposition eyes). To combine
these two factors, Snyder (1979) introduced a heuristic,
simple formula, which has become widely applied,
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although it is fundamentally incorrect, as it was derived
from partly geometric optical arguments (van Hateren
1984; Warrant and MclIntyre 1993; Land and Nilsson
2002), and, more importantly, it neglects the waveguide
properties of the light-absorbing rhabdomeres. These
can distinctly modify the angular sensitivity (Pask and
Barrell 1980a, 1980b).

The angular sensitivity of a photoreceptor is mea-
sured experimentally by varying the angular position of
a point light source. The light intensity necessary to elicit
a criterion response is then assessed, and subsequently
the photoreceptor’s angular light sensitivity is normal-
ized to its maximal value, yielding the angular sensitivity
function. The angular sensitivity more or less varies with
the light source’s wavelength (Horridge et al. 1976;
Smakman et al. 1984), but this detail is often implicitly
neglected (e.g., Burton et al. 2001). Another important
characteristic of a photoreceptor is its spectral sensitiv-
ity. This function is measured experimentally in a similar
way, by varying the wavelength of the light source and
then determining a criterion intensity, with subsequent
normalization to the sensitivity value at the peak
wavelength, /... The possible dependence of the spec-
tral sensitivity on the spatial extent of the light source is
also usually neglected. The consequence of normaliza-
tion is of course that the absolute light sensitivity, in fact
the central characteristic of a photoreceptor, is no longer
recognizable.

Light sensitivity of a fly photoreceptor cell firstly
depends on the efficiency of channeling light by the facet
lens into the rhabdomere, which depends on the angle of
light incidence and wavelength, but also on other addi-
tional and equally important factors such as the effi-
ciency of light capture by the visual pigment molecules
and the conversion of the absorbed light energy into a
visual signal. We have to realize that light sensitivity
depends in a complex way on the angle of incidence of
the stimulating light and its spectral content. We there-
fore have to critically assess to what extent angular and
spectral sensitivity are separable.

Barrell and Pask (1979) developed the first proper
treatment of the integrated facet lens-rhabdomere sys-
tem, which was subsequently extended by van Hateren
(1984). This theory allowed a quantitative analysis of
electrophysiological (Smakman et al. 1984) as well as
optical (van Hateren 1984) measurements of the angular
sensitivity of fly photoreceptors. The experimental re-
sults could be satisfactorily described by model calcu-
lations treating an ideal lens with the tip of an optical
waveguide in its focal plane (Smakman et al. 1984; van
Hateren 1984). A critical point of the theoretical treat-
ment of Barrell and Pask (1979) is that it is based on
classical diffraction theory (Born and Wolf 1975). This
approach is possibly not fully adequate, because light
focusing by small lenses starts to deviate from the clas-
sical case (Kuiper 1965; Li and Wolf 1984). Direct
optical measurements on the diffraction patterns of
isolated blowfly facet lenses indeed showed that classical
diffraction optics fails in this case (Stavenga and van

Hateren 1991), necessitating a revision of the theoretical
analysis of photoreceptor angular sensitivity developed
by Barrell and Pask (1979).

The aim of this paper is to investigate how the
components of the integrated optical system of fly eyes -
the facet lens, the rhabdomere, and the visual pigment-
shape the photoreceptors’ angular sensitivity function
for light of different wavelengths. The steps taken in the
present analysis are as follows. I first consider mono-
chromatic point sources illuminating a fly facet lens,
leading to an expression for the resulting light distribu-
tion in image space. The strong wavelength dependence
of the light patterns is illustrated by a few examples. In
the following step, I recall the optical waveguide theory
applicable to a fly rhabdomere and give examples of the
waveguide modes that can propagate in a rhabdomere. |
subsequently treat the integrated optical system of the
combination facet lens-rhabdomere to obtain formulae
for the angular excitation function for modes of a
rhabdomere. The derived expressions are then used to
calculate the amount of light excited and propagated in
the various modes. It thus appears that mode excitation
is rather robust to slight longitudinal variations in the
position of the rhabdomere tip, be it distally or proxi-
mally from the focal plane. In the next step, I calculate
the degree of light absorption from the modes by the
visual pigment as a function of light wavelength and
angle of incidence. Finally, I deduce angular sensitivities
for a number of lens and rhabdomere sizes. It appears,
almost surprisingly, that diffraction effects can be largely
neglected and that rhabdomere size is the determining
factor for the angular sensitivity of fly photoreceptors.

Anatomy and optical characteristics of an ommatidium
of a fly eye

The anatomy of the ommatidia of a fly eye is schemat-
ically shown in Fig. la, b. Beneath the corneal facet lens
exists a transparent pseudocone. The ommatidium is
enveloped by pigment cells. Semper cells form an inter-
face between pseudocone and photoreceptor cells. The
rhabdomeres of the six large photoreceptors, R1-6, run
along the full length of the cell body, with range 220-
340 um in the blowfly Calliphora vicina. The same dis-
tance is shared by the rhabdomeres of the R7 and RS
photoreceptors, with R7 taking the distal 60% and R8
the proximal 40% part (Hardie 1985).

The facet lens and the rhabdomere together deter-
mine the angular sensitivity of a photoreceptor. Dif-
fraction by the facet lens depends on the light
wavelength, the facet lens diameter and its focal dis-
tance. The wavelengths relevant for fly photoreceptors
range from ca. 300 nm to above 600 nm. The diameter
of facet lenses in the male blowfly Calliphora ranges
from 20 pm to 40 pm, but in the male Chrysomia values
up to 80 um are reached (Stavenga et al. 1990; van
Hateren et al. 1989). Detailed optical measurements
show that the F-number, i.e., the ratio of the focal



ppc Sc ca rh phr tr cm

spc nu  pg

® : ® P(s,z)
‘e A
Il —z—3
o | a
C H f >

Fig. 1 Optics of fly ommatidia; longitudinal (a) and cross-sections
(b). A fly ommatidium consists of a facet lens (f/), a pseudocone
(psc), primary pigment cells (ppc), secondary pigment cells (spc),
Semper cells (Sc), a trachea (zr); the photoreceptors cells (phr), with
nucleus (nu), have rhabdomeres (rh), topped by caps (ca) and in
their middle a central matrix (cm). The photoreceptor cells contain
pigment granules (pg), which in the dark-adapted situation are held
back from the rhabdomere region (upper ommatidia), but upon
light adaptation are driven towards the rhabdomere boundary
region (lower ommatidia). The cross-sections of b are at the level of
the caps, in the distal region, and in the proximal region of the
retina, respectively (from left to right). ¢ Diagram of the optics of a
fly facet lens with radius a, diameter D;, and image focal distance /.
The diffraction field due to a light point source at infinity in a point
P(s, z) is considered; s is the distance of P to the axis, and z is the
distance to the image focal plane. The refractive indices of object
and image space are n and »’, respectively (modified from Stavenga
1975)

distance and the facet diameter, remains rather constant
over this wide range of diameters: F = 2.0 + 0.2 (Sta-
venga et al. 1990). Model calculations on mode radiation
patterns and electrophysiological measurement of the
Stiles-Crawford effect in Calliphora yielded F-numbers
ranging from 2.0 to 2.5 in the ventral and lateral eye
regions, but up to 3 for the dorsal area (van Hateren
1985). Measurements of interommatidial angles in a
male housefly Musca yielded a value of FF = 1.9 for facet
lenses with diameter between 17 pm and 23 pm (Sta-
venga 1975). For the fruitfly Drosophila, where the facet
lens diameter is about 16 um, a focal distance of 20 um
was derived (Franceschini and Kirschfeld 1971), yielding
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a very low F-number of 1.25. It therefore seems that the
F-number is not the same for different fly species, but to
keep the present analysis manageable a constant value of
F = 2.2 is assumed in the model calculations.

The diameter of the rhabdomere and the refractive
indices of the media within and surrounding it determine
the waveguide properties of the rhabdomere. The di-
ameter of the very slender central rhabdomeres of
housefly R7 and R8 photoreceptors is about 0.6-1.0 um
(Hardie 1985), and that of the peripheral rhabdomeres
R1-6 is distally 1.5-2.0 um (Smakman et al. 1984;
Hardie 1985). The latter rhabdomeres taper proximally
to a diameter of ca. 1.0 pm (Boschek 1971). An extreme
example is the male blowfly Chrysomia with strongly
tapering R1-6 rhabdomeres having a distal diameter of
well over 4 pm (van Hateren et al. 1989). For the re-
fractive index of the rhabdomere medium a value of
1.363 may be assumed (Stavenga 1974; Beersma et al.
1982). The refractive index very slightly varies with
wavelength, due to anomalous dispersion, but the effects
on the waveguide properties are negligible (Stavenga and
van Barneveld 1975). A value of 1.340 is assumed for the
refractive index of the surrounding medium (Seitz 1968).
At the distal end of the rhabdomeres, a cylindrical, ex-
tracellular cap exists (Seitz 1968), possibly serving as a
mechanical support (Pask and Barrell 1980b). The
photoreceptor cells contain small pigment granules,
which accumulate near the rhabdomere upon light ad-
aptation. The light absorbing granules affect the prop-
agated waveguide modes and thereby the angular
sensitivity (Smakman et al. 1984).

Diffraction optics of a small lens

Light focusing by a fly facet lens is described by the
scalar diffraction theory for high power, low-Fresnel-
number lenses developed by Li and Wolf (1984). The
case of a monochromatic light wave emitted by a distant
point source and focused by the facet lens is equivalent
to that of a circular aperture of radius ¢ in an opaque
screen with a uniform, spherical wave, converging at the
image focal point (Fig. 1c). The aperture plane corre-
sponds to the image principal plane of the facet lens,
with image focal length f” = n’f, where n’ is the refrac-
tive index of image space and f the object focal length
(the refractive index of object space is taken to equal
that of free space: n = 1; primed optical parameters
refer to image space, the corresponding quantities of
object space are then without a prime). The amplitude of
the light wave in the spherical wave front is (Li and Wolf
1984):

eiik/fl

f/
where wavenumber kK = 2znn’/A = 2n/2’; A and 1’ are

the light wavelengths in free and image space, respec-
tively. The light intensity, i.e., the light power density, is

O,=4 (1)
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the modulus of the amplitude squared:

|A>2

I, = Qa 2= < 7 2

[eq 7 (2)

and the total light power is:
AN 2

P, = 7'56121,1 = 7T<a|/> = ﬂq/2|A|2 (3)
A

where

a
q = F (4)

In the following I assume that a unit power of

monochromatic light passes the aperture, i.e.,
P, = 1 W. Then:

1
Al =—— 5
=5 (5)

The diffracted field in a point P = P(s,z) near the
focal point, located at (radial) distance s from the lens
symmetry axis and at (longitudinal) distance z from the
focal plane (Fig. 1c), is given by (Born and Wolf 1975, p.
437; Li and Wolf 1984):

1

. 44/)2
0(s.2) = Be® [ n(ep)e ™ pip ©)
0
where
/ / k’ 2

u= %q’zz, V= Eq’& B= —igq’zA, and ® =k’ <z+ 2;}(/)

(7a—d)
4z z
The light intensity in P is given by:
I(s,2) = |O(s,2)* (8)

The light distribution in the focal plane (z = 0) is
described by the well-known Airy-diffraction formula:

Fig. 2 Intensity distribution for 2
a facet lens with diameter

D, = 20 pm and F-number

F = 2.2 as a function of the
transversal distance to the axis, s,
in five planes located at z = —10
(a),—5(b), 0 (c), 5(d), and 10 pm
(e) from the image focal plane,
for four wavelengths: 300, 400,
500, and 600 nm. The intensity
in the focal point (c) is inversely
proportional to the wavelength
squared. The total incident light SIS
power in all cases is 1 W

QO

Z (um)
-10

intensity (W um™®)

2J1(0)]?
165.0) = 10 0P= 10|21 ©)
where [y, the intensity in the focal point, is:
2 A 2
100,0) = I = (—nq;,| |> (10)

Assuming unit total light power, it follows (with
Eq. 5) that:

I— na? _na2 n 1 (1)
DU ) ARR
where F is the F-number of the lens:
S
F =2 12
5 (12)
and D; = 2a is the lens diameter (Fig. 1c). Equation 11

shows that the intensity in the focal point is inversely
proportional to the square of the wavelength.

Li and Wolf (1984) have demonstrated that the
Fresnel number:

a*> DF

N=7=w

(13)

is an important parameter determining the diffraction
pattern of small lenses. When the Fresnel number is
large, as is generally the case for normal lenses, ® = k’z
and 6 = 1 (Eq. 7). The light intensity distribution then
becomes symmetrical with respect to the focal point
(Born and Wolf 1975). This classical situation no longer
holds when N < 10 (Li and Wolf 1984), values attained
by the small facet lenses of flies (Stavenga and van
Hateren 1991).

Figure 2 presents the intensity distribution due to
diffraction of a light wave that enters a facet lens (di-
ameter D; = 20 um) parallel to its axis. Five planes
perpendicular to the axis are considered, at z = —10, -5,
0, 5, and 10 pm, and four light wavelengths: 41 = 300,
400, 500, and 600 nm, respectively. The curves in Fig. 2¢
(z = 0 pm) are described by the Airy formula (Eq. 9).
The peak amplitude is inversely proportional to the

distance to axis, s (um)



square of the wavelength (Eq. 11) and the intensity
rapidly falls off when the distance to the axis increases.

Figure 3 gives the axial intensity distribution, i.e., as
a function of z, the distance to the image focal plane, for
four lenses with diameter D; = 10, 20, 40, and 80 um,
respectively. The intensity distributions are for all four
wavelengths rather similar for the different lens sizes, but
the distributions are asymmetric, especially for smaller
lenses and longer wavelengths. Only for the large lens
(80 um), is the light distribution virtually symmetrical
around the focal point (z = 0 pm) for all wavelengths.

A comparison of Figs. 2 and 3 shows that the in-
tensity distribution depends much more strongly on the
transversal distance, s, than on the longitudinal distance,
z; the halfwidths are about 1 um and 15 pm, respec-
tively, depending somewhat on the wavelength. The 3-D
intensity distributions in Fig. 4, presenting the case of a
lens with diameter D; = 20 pm, dramatically visualize
the longitudinal stretch of the diffraction pattern, as well
as the extreme dependence of the distributions on the
wavelength. As we will see later on, the severe depen-
dence of the facet lens imaging on light wavelength is
almost fully annihilated by the equally severe wave-
length dependence of the waveguide properties of the
rhabdomere (see also van Hateren 1989).

Optical waveguide modes

Light propagation in a fly rhabdomere is described by
optical waveguide theory (Snyder and Love 1983). Light

intensity (W um™)

distance to focal plane, z (um)

Fig. 3 Intensity distribution at the lens axis due to diffraction for
three lenses with diameter D, = 10 (a), 20 (b), 40 (c), and 80 pm
(d), respectively, as a function of the longitudinal distance to the
image focal plane, z, for four wavelengths: 300, 400, 500, and
600 nm. The intensity distributions strongly depend on wavelength,
but are rather similar for one and the same wavelength for all lens
sizes, because of the constant F-number: F = 2.2. The axial light
distribution becomes progressively asymmetric for smaller lenses
and longer wavelengths. The shift of the intensity maximum (the
focal shift) is towards the lens, in the distal direction. The total
incident light power is 1 W

Fig. 4 3-D distribution of the diffraction patterns for a facet lens
with diameter D; = 20 um. The intensity in the focal point is
extreme for short wavelengths, because both the transversal and the
lateral spread are smallest there (see Figs. 2 and 3, respectively).
The ground planes span a longitudinal range of =80 < z < 80 pm
and a transversal range of —20 < s < 20 pm. The total incident
light power is 1 W

is propagated along a slender dielectric cylinder in fixed
patterns, so-called modes, which are determined by the
light wavelength A, the rhabdomere diameter D,, and
the refractive indices of the media inside and outside the
waveguide, n; and n,, respectively (Fig. 5). When the
difference between the refractive indices, 7;-n,, is small, a
set of simple orthonormal linearly polarized modes can
be derived (Gloge 1971; Yariv 1985). When the field
incident at the waveguide is polarized along the x-axis
(Fig. 5), the field of a (bound) waveguide mode, with
index p, is given by (Barrell and Pask 1979; see Yariv
1985):

(R, 0) = ]‘%cosu@) (14
with
(15a)
(15b)

Fig. 5 Diagram of the distal end of a fly rhabdomere, with radius
b. The refractive indices of the media within and outside the
rhabdomere are n; and n,, respectively. Point P of Fig. 1 is
indicated in the cylindrical coordinates of the rhabdomere
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where R = r/b is the radial distance from the waveguide
axis, r, normalized to its radius value, b; ¢ is the radial
angle; J; and K are (modified) Bessel functions (Fig. 6a,
b). The values of U and W are intimately linked to the
mode propagation constant, f, given by:

2 2
s e (5 - 0 )

where 7, is the effective refractive index of the waveguide
for the propagated mode, and U and W are the roots of
the characteristic equation:

(16)

T (U) _ K (W) (17)

LUy T K(w)

Equation 16 immediately yields that U and W to-
gether determine the crucially important waveguide
number V-

D,
V=+\U>+ W2 =kb\/(n? —n3) = 7 \/ (n} —n3)
(18)

where D, = 2b is the diameter of the rhabdomere. The
V-number hence is determined by four parameters, i.e.,
the wavelength 4, the waveguide diameter D,, and the

1.0

a

0.5

Fig. 6 The Bessel functions J; (a) and K; (b) which together with
the characteristic equation (Eq. 17) determine the roots, U and W,
as a function of the waveguide number, V'

refractive indices n; and n, of the inside and outside
media (Snyder 1969).

Table 1 shows that the V-number for a 4-um rhab-
domere and a wavelength range from 300 nm to 600 nm
ranges to well over 10 (taking for the refractive indices of
the media within and surrounding the rhabdomere val-
ues n; = 1.363 and n, = 1.340, respectively). The roots
of the characteristic equation (Eq. 17) have therefore
been calculated for the range 0 < V' < 11 (Fig. 7).

As follows from Eq. 15a, the number of zeros in the
azimuthal direction, i.e., for 0 < ¢ < 2, is given by /.
For each value of [, Eq. 17 appears to have several roots,
which are indicated by a rank number, m (Gloge 1971;
Yariv 1985). The value of m of the different modes ex-
isting for a certain value of / increases with V,, the
mode’s cut-off value of the waveguide number (see
Table 2). For clarity’s sake, I have renumbered the
modes with a single index p according to an increasing
value of V,,; see Fig. 7 and Table 2.

The factor N, in Eq. 14 is a normalization constant,
which depends on the total power transported by the
mode. A useful case to consider is that when mode p
transports unit light power: P* = 1 W. The light
intensity in a point P(R,¢) (Fig. 5) is given by:

Table 1 Values of the V-number for three values of the rhabdo-
mere diameter, D,, and four wavelengths, /, calculated from Eq. 18

with refractive index values n; = 1.363 and n, = 1.340
/ (nm) 1 pm 2 pm 4 pm
300 2.61 5.22 10.44
400 1.96 3.92 7.83
500 1.57 3.13 6.27
600 1.31 2.61 5.22
p mode 1617 L
104 1 tpot 14" 5
2 LPNM .7,
3 LP21 B Lz
12
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84 5 P31 w0 S E
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Fig. 7 The roots of the characteristic equation (Eq. 17) determine
the spatial shape of the bound modes, indicated by the parameter p.
The modes are linearly polarized modes, LP/m, where [/ is the
number of azimuthal zeros and m is the rank number of the modes
existing for each value of /. 17 different bound modes exist for
V' = 11. U solid lines; W dashed lines



Table 2 Linearly polarized waveguide modes with mode number p,
azimuthal number /, rank number m, and cut-off V-number ¥,

p / m mode V.,
1 0 1 LPO1 0
2 1 1 LPI11 2.4050
3 2 1 LP21 3.8318
4 0 2 LP02 3.8473
5 3 1 LP31 5.1357
6 1 2 LP12 5.5201
7 4 1 LP41 6.3802
8 2 2 LP22 7.0156
9 0 3 LP03 7.0247
10 5 1 LP51 7.5883
11 3 2 LP32 8.4173
12 1 3 LP13 8.6538
13 6 1 LP61 8.7715
14 4 2 LP42 9.7611
15 7 1 LP71 9.9362
16 2 3 LP23 10.1735
17 0 4 LP04 10.1799
1 n, 5

where ( is the impedance of free space. The light power
propagated in the waveguide core (R < 1) is:

2n 5
nb° ne ¢,

1
P =b> [ RdR | I,(R _ e Cp
f b/d/p(,w)dﬁo 2 TN,
0 0

X [JHU) = Ji1 (Ui (U)] (20)

and that in the outside medium (R > 1) is:

(1)

with ¢, = 2 for [ = 0 (ie., forp = 1,4, 9, 17,...) and
¢, = 1for/ = 1,2,.. (e, forp = 2,3, 58,1016, ...);
see Fig. 7 and Table 2. The condition
P* =P’ 4+ P; =1 W yields the normalization coefficient
(Marcuse 1974):

nh’n, V3

Np:*chpﬁJl—l(U)JM(U) (22)

The expression for the light intensity (Eq. 19) then
becomes:

LR, ¢) = ——5—s e [M,(R)[*cos’(I¢)

(23)

where U = U,(V) and W = W,(V) are derived from
Eq. 17 (Figure 7). Equation 23 thus fully describes the
light distribution in a mode with the light polarized

7

along the x-axis. Incident light is commonly unpolar-
ized, and it is therefore useful to also consider the av-
erage intensity at distance R from the waveguide center
(¢cp =2for/=0and ¢, = 1for/ = 1,2, ..

2
ij 1w 1 |2

(R) = a2 V2 J(U)Jia(0) M(R) 24

Because visual pigment is concentrated within the
rhabdomere, light can be absorbed only from the light
wave within the rhabdomere boundary. The fraction of
the light power propagated inside the optical waveguide
by mode p, P/P*, is:

o J2(U)
np_ﬁ(l _Jz—l(llf)Jz+1(U)> (25)

Optical waveguide modes in a fly rhabdomere

When the rhabdomere diameter is known, its V-number
is fully determined by the light wavelength. The light
distribution of all modes p then can be immediately
calculated from Eq. 23, together with Eqgs. 14 and 15,
since U,(V) and W,(V) are known for each waveguide
mode p (Fig. 7; the azimuthal parameter, /, of mode p is
taken from Table 2). As a rhabdomere with diameter
D, = 4 um has at 300 nm a V-number of 10.44 (Ta-
ble 1), it can thus propagate light of 300 nm in 17 dif-
ferent modes (Fig. 7, Table 2). Figure 8 presents the 3-D
intensity profiles of 13 of these 17 modes, arranged in
rows with / =0, 1, 2, 3, and 4, and columns with
m = 1, 2, and 3. For each of the presented modes, the
total, integrated light power is 1 W. For comparison, the
profile in the right hand lower corner pictures a situation
where all the light power is confined within the rhab-
domere boundary, with a constant intensity, thus being
4)(nD,%) = 1/4n W pm >

The circular symmetrical mode patterns in the upper
row of Fig. 8 are readily recognized to be due to the
value of /, as cos(lp) = 1 for [ = 0 (Eq. 14). The radial
dependence of the mode patterns is determined by the
Bessel function Jo(UR) for 0 < R <1 (Eq. 15a;
Fig. 6a) and by Ko(WR) for R > 1 (Eq. 15b; Fig. 6b),
where the values of U and W can be read off Fig. 7 at
V = 10.44 for modes p = 1, 4, and 9, respectively.
Similarly, the shape of the patterns in the second (third,
etc.) row are determined by J(UR), K(WR), and
cos(lp), with [ = 1 (2, etc.).

Figure 9 presents 1, (Eq. 25), the light fraction which
is propagated by a mode within the rhabdomere
boundary, for three cases, i.e., for rhabdomeres with
diameter D, = 1.0, 2.0, and 4.0 um, respectively. An
increasing number of bound modes can exist with in-
creasing V-number (Fig. 7), or with increasing rhabdo-
mere diameter and decreasing wavelength (Fig. 9). For
most of the modes 7, = 0 at the cut-off wavelength, but
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Fig. 8 Spatial intensity profiles
for 13 of the 17 modes allowed
by a fly rhabdomere with
diameter 4 pm at 300 nm. The
mode number, p, is indicated at
left below each profile and the
corresponding /- and m-value
pair is given at right. The total
power of each mode is 1 W. The
unnumbered profile in the right
hand lower corner represents
the case when the light power is
constant and confined within
the rhabdom boundary, so that
the intensity there is

1/4n W pm 2

modes 3, 5, 7, 8, 10, 11, and 13-16 have a special be-
havior, as y, > 0 at cut-off (Fig. 9). Above their cut-off
wavelength these modes are no longer bound, but
become leaky (see Snyder and Love 1983).

The light fraction propagating outside the rhabdo-
mere increases with increasing mode number p (Fig. 9).
This is visualized with more detail in Fig. 10, showing
the average radial intensity distribution of the modes
(Eq. 24) for a rhabdomere with diameter 2 pum, for four
different wavelengths. Whereas at 600 nm only two
modes are allowed, at 300 nm five modes exist (Fig. 9b).
The higher the mode number, the more the light wave
extends beyond the waveguide border.

All modes in Figs. 8 and 10 have a total power of
1 W. When a total power of 1 W enters the facet lens
and subsequently is channeled into the rhabdomere, the
light power in the waveguide is distributed over the
various modes, however, and the power carried by each
mode crucially depends on the light distribution at the
entrance of the waveguide, as will be discussed below.

Excitation of modes in a waveguide by a focusing lens

Light focused by a facet lens and entering a rhabdomere
excites a set of waveguide modes. Mode excitation de-
pends on the electromagnetic field at the waveguide
entrance and therefore we have to convert the scalar
field into the equivalent electric and magnetic field (cf.
Barrell and Pask 1979). When the incident light, emitted
by a point source at infinity, is polarized along the x-axis
(Fig. 5), and E, is the amplitude of the electric field in

the image principal plane of the facet lens, the amplitude
of the magnetic field is:

(26)

where { and (’ are the impedances of free and image
space, respectively. The light intensity, i.e., the time
averaged light power density, is:

- 1

* 1 2
5. = 3 EH; = 5 |E

; (7)

We have seen above that the light intensity in the
image principal plane of the lens is 7, (Eq. 2), with Q,
the amplitude of the diffracted field (Eq. 1). Therefore:

E, = \/Q?Qa

Similarly, the field in a point P = P(s,z) (Fig. 5) is:

E(s,z) = \/20'0(s, )

where Q(s,z) is given by Eq. 6.

The diffracted field in the entrance plane of a wave-
guide excites the waveguide modes described by the
modal excitation coefficient, g, defined by (Barrell and
Pask 1979):

(28)

(29)

oo 2n
ay(0) :;—Z/rdr/E(s,z)ep(r, @)do (30)
0 0

where
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Fig. 9 The fraction of the light power propagated within the
rhabdomere boundary, #,, when the rhabdomere diameter is 1.0
(a), 2.0 (b), and 4.0 pum (c¢) as a function of wavelength. The allowed
modes are indicated by their p-value. The number of allowed
modes increases with increasing rhabdomere diameter and decreas-
ing wavelength; the light fraction #, for a certain mode increases
with decreasing wavelength. The light fraction 7, of modes 3, 5, 7,
8, 10, 11, and 13-16 is > 0 at the cut-off wavelengths

8—arctan< d )
N f+z

with d the distance of the point to the lens axis where the
beam axis crosses the plane of the waveguide entrance
(Fig. 11).

The modal excitation coefficient can be obtained
numerically from Eq. 30. The considerable computer
time involved is substantially reduced by a formalism
derived by Barrell and Pask (1979). They considered the
excitation of waveguide modes by the diffracted field of
a classical lens, i.e., with a high Fresnel-number, or, for
0 = 1 (Eq. 7e). By using the radius of the waveguide, b,
they introduced a number of parameters:

(31)

K =kb, S=s/b, and Z = z/b, (32)
yielding for the electric field in P(S,Z):
2CI 1 K/q/
. i i
ES,Z)=—i ?bK’q’e / Jo(SQ)e "% QdQ (33)
0
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Fig. 10 Radial dependence of the average mode intensity in a
rhabdomere with diameter 2.0 pm for four wavelengths: 300 (a),
400 (b), 500 (c), and 600 nm (d). The thin vertical lines indicate the
rhabdomere border. The higher-order modes increasingly extend
further to outside the rhabdomere. The total power of each mode is
W
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Fig. 11 Diagram of the integrated facet lens — rhabdomere system.
A parallel light beam, emitted by a point source at infinity enters
the lens with an angle of incidence 0. The diffracted light will excite
modes in a rhabdomere, with diameter D,, whose tip is located at a
distance z from the image focal plane. f'is the object focal distance,
and d is the distance to the axis of the point where the light beam
strikes the rhabdomere entrance plane: d = (f + z)tan0

with @ = k’z = K'Z. Then Eq. 30 is equivalent to, with
Egs. 14, 15, 22, and 33:

a)(0) = — 2K 2n, o
P N K/q/ V Cpl’l/J[_l(U)J[H(U)C

K/q/
/ J/(DQ)G(Q)e 7 QdQ
0

where D = d/b = (f + z)(tan 0)/b, and
V2
Q) = (@~ U2)(Q% + w?)
[ (U)151(Q) — UJi(Q) 151 (U)] (Q# U) (35a)

or



G(Q) =L W) s W) @ =)

: (35b)

Equation 34 very slightly differs from the final ex-
pression (Eq. 16) of Barrell and Pask (1979); as in Eq. 79
of Snyder (1969), Barrell and Pask (1979) do not in-
corporate a factor 1/2 when using orthonormalization.
Furthermore, the exponential under their integral lacks
a minus sign, but that is without effect when considering
lens diffraction at high Fresnel numbers, because of the
symmetry with respect to the focal plane. The special
situation of Eq. 35b is explicitly given by van Hateren
(1984), but not by Barrell and Pask (1979).

As Eq. 34 has been derived for high Fresnel-number
lenses, it may no longer be adequate when the Fresnel
number is small, which is the case for fly facet lenses.
Fortunately Eq. 34 can be rescued by redefining K’ as
K = k’b/6 and assuming that the effect of the radial
dependence of ®, emerging at small Fresnel numbers
(Eq. 7d), remains negligible. Comparing calculations of
the excitation of waveguide modes using the generic
equation Eq. 30 with results from Eq. 34 where the
modified K’ is incorporated shows that Egs. 30 and 34
yield virtually identical results in a wide region around
the focal point.

In general, a light wave propagating in an optical
waveguide will be a superposition of modes with am-
plitudes a,. The total field of the modes is then (Barrell
and Pask 1979):

Et()l‘ - E apep
p

The total excited power carried by the modes is, due
to orthonormality, equal to the sum of the power of the
individual modes (Pask and Barrell 1980a):

Pore = Z |ap’2 = ZPp,exc
p p

The total flow of light power therefore can be directly
obtained by calculating the contribution of the bound
modes from their modal excitation coefficients, a,
(Eq. 34; see Eq. 21 of van Hateren 1984). The phase
factor ¢® in Eq. 34 vanishes when calculating the ab-
sorbed light power. Van Hateren (1984) has treated
mode excitation with the waveguide entrance in the focal
plane. The exponential function under the integral in
Eq. 34 then vanishes, because Z = 0.

Equation 34 reveals that the angular dependence of
the mode excitation depends on several parameters, the
relative importance of which can be assessed numeri-
cally. A few selected cases are treated below.

(36)

(37)

Excitation of waveguide modes in a fly rhabdomere
illuminated via a facet lens

Figure 12 shows how mode excitation depends on the
position of the rhabdomere tip for a 40-um facet lens

combined with a 2um rhabdomere. The four columns
concern light of the four wavelengths, 300, 400, 500, and
600 nm, and the five rows concern five positions of the
rhabdomere, where the middle row gives the situation
that the rhabdomere tip coincides with the image focal
plane and the other rows show the excited mode power
when the tip is 5 pum and 10 pum distally or proximally of
the focal plane. The thin vertical lines indicate the spe-
cific angle of incidence where the axis of the incident
light beam hits the rhabdomere border (see Fig. 11):

0y = arctan <fb )
+z

Mode excitation clearly depends on the angle of in-
cidence (Fig. 12). Axial illumination with 500 nm and
600 nm light excites only the first mode (p = 1), but
with increasing off-axis illumination the second mode
(p = 2) progressively comes in. The total excited light
power, being the sum of the power channeled into the
individual modes, has an approximately Gaussian-
shaped dependence on the angle of incidence. At 400 nm
and 300 nm, four and five modes participate, respec-
tively. The angular dependence of the total mode power
excited distinctly deviates from a Gaussian at the shorter
wavelengths, due to the relatively large contributions of
the higher order modes at off-axis illuminations. The
amplitude of the excited mode power gradually dimin-
ishes when the distance of the rhabdomere tip to the
focal plane increases, which is accompanied by an
angular broadening of the mode power function
(Fig. 12).

According to general dogma, light capture by the
visual pigments in the rhabdomere should be optimized,
and hence Fig. 13 further investigates how careful flies
must be in positioning the rhabdomere tip in the focal
plane. Three facet lenses with diameter 20, 40 and 80 um
are combined with rhabdomeres having a diameter of 1,
2, and 4 um, respectively, or, in all three cases
D;/D, = 20. Figure 13 gives the total mode power as a
function of the distance of the rhabdomere tip to the
focal plane, for the case when the angle of the incident
light is & = 0° (axial illumination), for the four wave-
lengths: 300, 400, 500 and 600 nm.

The excited mode power is maximal when the rhab-
domere tip is precisely in the focal plane, for all lens-
rhabdomere combinations and for all wavelengths. This
might not have been directly expected, as the diffraction
patterns exhibit a focal shift; namely, the intensity
maximum is located distal to the focal point, especially
for the shorter wavelengths and the smaller lenses
(Fig. 3). In fact, the curves of Fig. 13 show a slight
asymmetry with respect to the focal point, opposite to
that of the diffraction patterns of Fig. 3, quite contrary
to the expectation that the excited power might be
higher with a rhabdomere tip shifted distally from the
focal plane. The excited mode power appears to depend
somewhat on the light wavelength, but the wavelength
dependence is minor for the large rhabdomere

(38)



Fig. 12 The mode power
excited as a function of light
incidence for a facet lens-rhab-
domere combination where the
diameters of the lens and rhab-
domere are 40 pm and 2.0 pm,
respectively, and where the
rhabdomere tip is positioned in
a plane at a distance of z = —10
(a_d)a =5 (e_h)9 0 (i_l)? 5 (m_p)a
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and 10 pm (g-t) from the image
focal plane. The four columns
concern light with wavelengths
300, 400, 500, and 600 nm,
respectively. The mode power
excited in the allowed modes is
indicated together with their
sum, the total excited power
(bold lines). The thin vertical
lines indicate the border angle
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(Fig. 13c). This is again quite in contrast with the dif-
fraction patterns where the intensity is inversely pro-
portional to the square of the wavelength (Figs. 2, 3, 4).
The wavelength dependence of lens diffraction is clearly
well compensated by the wavelength dependence of
mode propagation in the waveguide (see also van Hat-
eren 1989).

With the rhabdomere tip in the focal plane, the
maximal value of the total excited mode power gradually
increases with the size of the rhabdomere, but it never
reaches 1 W, the total incident light power. Some light
always escapes capture by the rhabdomere. This loss

fraction increases when the rhabdomere tip leaves the
focal plane. In the case of the small rhabdomere
(Fig. 13a) light capture falls rapidly when defocus is
more than a few pum, but the sensitivity of the large
rhabdomere (Figure 13c) remains fairly constant when
the rhabdomere tip is shifted over a longitudinal dis-
tance of 10 pm. These effects are fully due to the size of
the rhabdomere, as the diffraction patterns are very
similar in the three cases, because of their identical
F-number (see Fig. 3).

The reason why not all incident light power can be
launched into the rhabdomere is visualized in Fig. 14.
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excited mode power, Pexc (W
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distance to focal plane, z (um)

Fig. 13 The total excited mode power for three lens-rhabdomere
sets, with diameters 20 (a), 40 (b), and 80 pm (c¢) paired with
rhabdomeres with diameter 1.0 (a), 2.0 (b), and 4.0 um (c),
respectively, for four wavelengths: 300, 400, 500, and 600 nm.
The rhabdomere is centered at the lens axis and the incident
illumination beam is parallel to the axis. The tip of the rhabdomere
is positioned at a distance z from the image focal plane. The excited
power is maximal when the rhabdomere tip coincides with the focal
plane in all cases. It stays virtually constant when the rhabdomere
changes position over a few micrometers, especially for the large
rhabdomere

Figure 14a shows the amplitude distribution in the focal
plane of the 40-pm facet lens due to an axially incident
light wave with wavelength 500 nm. The amplitude
distribution closely approximates that of the classical
Airy expression (cf. Egs. 9 and 10): for distances
Is| < 3 pm. The amplitude distribution of mode 1, ex-
cited in the 2.0pm rhabdomere (the borders of which are
indicated by the thin vertical lines), largely but incom-
pletely matches the diffraction function. When the inci-
dent angle is equal to the border angle 6, (Eq. 38) both
mode 1 and mode 2 are excited (Fig. 14b), and their
sum, being the best possible match, is clearly distinctly
worse. Note that the amplitude distributions are rota-
tional symmetric for the diffraction pattern and mode 1,
but not for mode 2. For a 3-D presentation, giving a

Fig. 14 Amplitude distributions of the diffracted light wave in the
focal plane of a 40pm lens and the excited modes in a 2.0um
rhabdomere. a Incident light wave parallel to the lens axis. Only
mode 1 is excited, matching the diffraction distribution rather well.
b Angle of incidence of the light wave equal to the border angle
0y = tan (1/88) = 0.65°. Both mode 1 and mode 2 are excited, but
the amplitudes of the modes are low. The sum of the mode
amplitudes resembles the amplitude of the diffraction distribution

0 10 =20

more complete picture of the convolution of diffraction
and mode patterns, see van Hateren (1989) and Warrant
and Mclntyre (1993).

Figure 15 investigates the dependence of the total
excited mode power on the angle of light incidence for
four wavelengths. The total launched power is given for
the same three facet lens-rhabdomere combinations as
those of Fig. 13, with the rhabdomere tip in the focal
plane (z = 0). The border angle (Eq. 38), indicated by
the thin vertical line in Fig. 15a—c, is identical for the
three cases, because b/f = D,/2QFD) = 1/88, or
0y = 0.65°. The four curves in Fig. 15b represent the
same functions as the four bold curves in Fig. 12i-1. It
appears that the angular dependence of the total excited
light power noticeably varies with wavelength for the
1.0-um rhabdomere; the wavelength dependence is
minor for the large rhabdomere.

Light absorption in an optical waveguide

The aim of light propagation in a fly rhabdomere is the
absorption of light by the visual pigment molecules
embedded in the microvillar membranes. This is the
primary step in vision. The visual pigment is confined to
the interior medium of the rhabdomere and thus can
only absorb light propagated within the rhabdomere
boundary.

Consider light of wavelength 4 propagated in the
rhabdomere. The power of mode p in the rhabdomere is
then given by P,(/, z), where z is the longitudinal co-
ordinate of the rhabdomere, and z = 0 when the rhab-
domere tip is in the focal plane. The light absorption is
then given by (Snyder 1979):
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Fig. 15 The total excited power g 1.0-
as a function of the incident
angle for the same lens-rhab-
domere pairs as in Fig. 12, with
the rhabdomere in the focal
plane (z = 0). The thin vertical
lines indicate the border angle,
where 0y = 0.65°. The angular
dependencies are rather similar,
especially for the large rhabdo-
mere
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excited mode power,

dP,(2,2) = —Py(2, 2)n,(2)ic(2)dz

(39)

where k(A) is the specific absorption coefficient of the
rhabdomere medium containing the visual pigment
and #,(4) the fraction of the mode power within the
rhabdomere (Eq. 25). When the excited light power
of mode p is B, . (4), the amount absorbed from it
in a rhabdomere with length L is (Snyder and Pask
1973):
Poass(7) = Ppexe(){ 1 — & A0} (40)
If the radius of the waveguide is not constant, i.e.,
b = b(z) and n,(1) = n,(4, z); then n,(4) in Eq. 40 has
to be replaced by the averaged value (Snyder and Pask

1973):
L
/np(i,z)dz
0

The total absorbed light power is calculated by taking
the sum over the propagated modes (Pask and Barrell
1980a):

Pups (;L) = Z Pp,abs(i)
P

(41)

S~ =

M=

(42)

Photoreceptor angular sensitivity when
absorption is low

When each absorbed photon contributes equally to the
photoreceptor response, the angular sensitivity is ob-
tained by normalizing the absorbed power. A full anal-
ysis of the angular sensitivity of fly rhabdomeres has to
be elaborated elsewhere, because many complicating
factors must be taken into account, e.g., the spectral
dependence of the absorption coefficient of the visual
pigment, including the presence of a sensitizing pigment
and/or filtering pigments, the possible effects of photo-
products, the rhabdomere length differing between
species, the tapering of the R1-6 rhabdomeres (Boschek
1971), the tiered positioning of the R7 and RS rhabdo-
meres (Hardie 1985), and the effect of a pupil mechanism

00 05 10 15
incident light angle, 6 (°)

in the light-adapted state (Fig. 1a, b; Smakman et al.
1984). Considerable insight can nevertheless easily be
gained from the special case that the diameter of the
rhabdomere is constant and the absorption coefficient is
sufficiently small to neglect the self-screening effects due
to the exponential function in Eq. 40. The dependence of
the absorption on the angle of incidence, 0, is then given
by (Pask and Barrell 1980a):

Pp,abs(oy i) = Pp,exc(07 j')'717(;°)K(})L

where P, .0, A) is again the excited mode power as a
function of angle and wavelength. Eq. 42 then yields:

Paps(0,2) = k(A)L >~ Pyexc (0, )1, (4) = () LPusy (0, 1)
P

(43)

(44)
with

Pog(0.2) =Y Poegy(0,2) = Y Prexe(0, 1)1, (2)

where P, . is the effective light power of mode p, and
P,z is the total effective light power.

Figure 16 presents the effective mode powers for the
case of the 40um facet lens with the tip of the 2um
rhabdomere in its focal plane. Their sum, the total ef-
fective light power, given by the bold curve, is compared
with the total excited power, given by the dotted curve
(Fig. 12i-1). The reduced absorption of the higher-order
modes has a smoothing effect on the angular depen-
dence. It may be anticipated that this effect is enhanced
with increased absorption by the visual pigment, espe-
cially in a tapering rhabdomere (Pask and Barrell
1980Db).

This approach is carried one step further in Fig. 17a—,
where P4 (0, 2) is calculated for the three lens-rhabdo-
mere combinations of Fig. 15. Light absorption in the
small rhabdomere clearly suffers from the large fraction
of light being propagated outside the rhabdomere
boundary, especially at the longer wavelengths. The
angular sensitivity is obtained by normalization of the
absorbed light power, or equally, by normalization of
P.y(0, 1), because the absorption coefficient, x, and
length L are independent of the angle of incidence (see
Eqgs. 41, 43, and 44). Figure 17d—f shows that the
angular sensitivity thus calculated varies with wavelength.

(45)
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Fig. 16 The effective mode power at wavelengths 300 (a), 400 (b),
500 (¢), and 600 nm (d), as a function of the incident light angle, for
the 40um facet lens with a 2.0um rhabdomere in its focal plane. The
thin lines represent the effective mode power, P, . for each of the
modes p (Eq. 45); the bold continuous lines give their sum, the total
effective power, F,4; and the upper dotted lines are the total excited
power, P, (see Fig. 12, panels i-1). The progressive decrease in the
light fraction #, of the higher modes causes the narrowing of the
curves for the effective power compared to those of the excited
power

The variations may be considered to be rather small,
however.

Discussion

The angular sensitivity of photoreceptors is a crucial
element determining the performance of a visual system.
I have analyzed the angular sensitivity of fly photore-
ceptors in five steps. Firstly, the diffraction pattern of the

Fig. 17 The effective mode
power of the various allowed
modes for the three lens-rhab-
domere pairs of Figs. 13 and 15
(a—c¢) and their normalized val-
ues (d—e). The latter curves
represent the angular sensitivi-
ties under the assumption that
the total light absorption is low.
The halfwidths of the curves are
similar, especially for the large
rhabdomere

effective power, P__ (W)

angular sensitivity

o 35

o
o

D/=20 um
D{: 1.0 um

facet lenses has been quantitatively presented. Previous
experiments have demonstrated that the optics of the
facet lenses cannot be properly described by classical
diffraction theory, because of their small size (Stavenga
and Van Hateren 1991), and therefore the analysis of the
angular sensitivity of fly facet lenses by Barrell and Pask
(1979) needed a critical re-assessment. The calculations
were performed for a number of facet lens diameters
typical for the blowflies Calliphora and Chrysomia,
where the diameter ranges from ca 20 pm to 80 um
(Stavenga et al. 1990; van Hateren 1984). Only one value
of the F-number, F = 2.2, has been considered. The F-
number of the facet lenses of the fruitfly, Drosophila, is
distinctly less: F = 1.25 (Franceschini and Kirschfeld
1971). Calculations with the formalism derived in this
paper show that a low F-number results in less efficient
mode excitation and strongly broadened angular sensi-
tivity curves. The rationale for having a low F-number
in Drosophila is discussed in a companion paper (Sta-
venga 2003).

0.

0.0

0
0.

00 05 10 15 20

incident light angle, 6 (°)



In the second part of the analysis, I have shown how
light is propagated in rhabdomeres in specific patterns -
waveguide modes- using the linearly polarized (LP-)
modes approach of Gloge (1971). This approach has its
limitations (Snyder and Love 1983), but it is adequate
for an analysis of the angular sensitivity (Barrell and
Pask 1979; van Hateren 1989). Mode propagation crit-
ically depends on the waveguide number, V, which at-
tains values above 10 only for the excessively large
rhabdomeres of the male blowfly Chrysomia (Table 1).
For the more common 1- to 2pm rhabdomeres of other
blowflies, and also houseflies and fruitflies, maximal
values of about 5 are reached (Table 1). Then at most
five modes are allowed to propagate in the ultraviolet,
and even fewer for longer wavelengths, depending on
V.., the cut-off value of V. [Note that a few values of V.,
given in Table 2 slightly deviate from those given in the
comprehensive treatise of Yariv (1985).]

In the third step I have derived an expression for the
amplitude of the modes excited in the rhabdomere by the
lens diffraction pattern as a function of the light wave’s
angle of incidence, extending the formalism of Barrell
and Pask (1979) by incorporating the appropriate de-
scription of a small diffracting facet lens. The derivation
of the modal excitation coefficient a, (Eq. 34) assumes
that the contribution of the distance s in the phase factor
@ (Eq. 7d) is negligible. The error introduced by this
approximation appears to be very minor in the region of
interest, i.e., near the focal point. Presumably fly rhab-
domeres are rather precisely positioned in focus (Fran-
ceschini 1975; van Hateren 1989; Stavenga et al. 1996),
but fly lenses suffer from slight chromatic aberration
(Mclntyre and Kirschfeld 1982), causing a wavelength
dependence of the focal length of a few um and hence a
wavelength-dependent F-number. Figure 13 shows that
the excited power is maximal when the rhabdomere tip
coincides with the focal plane, but it appears to be rather
robust to changes in the rhabdomere position (see also
van Hateren 1985). The consequences of chromatic ab-
erration for the angular sensitivities can hence be ne-
glected (MclIntyre and Kirschfeld 1982; Pask and Barrell
1980a). The present analysis indicates that the approach
of van Hateren (1984), who analyzed the excitation of
waveguide modes in fly rhabdomeres with the entrance
positioned in the focal plane, is in principle perfectly
adequate.

In the fourth part, I have taken account of light ab-
sorption by visual pigment within the rhabdomere. The
light power absorbed from a mode equals the excited
power times the fraction of light propagated within the
rhabdomere, #, ( Snyder and Pask 1973; Pask and
Barrell 1980a). Consequently, sensitivity for long-wave-
length light is relatively suppressed, especially in slender
rhabdomeres (Fig. 17a).

Finally, I have calculated the angular sensitivity by
normalizing the angular dependence of the light ab-
sorption. The angular sensitivities of Fig. 17d—f are
rather similar, although the rhabdomere diameter
changes fourfold, which is due to the simultaneous
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change in facet lens diameter. I have presented those
cases where the ratio of lens diameter, D,, and rhabdo-
mere diameter, D,, is constant (D;/D, = 20), to facilitate
comparison of the angular sensitivity curves. The an-
gular sensitivities for other combinations can easily be
obtained by appropriate scaling, because the diffraction
patterns only slightly depend on the facet lens diameter
when the F-number is kept constant (Fig. 3). Because of
the almost identical diffraction patterns, I conclude that
the rhabdomere diameter must be the principal deter-
minant of the slight differences in the resulting angular
sensitivities.

The value of the last two steps is somewhat limited,
because the calculations have been done for the case of
low light absorption, where the Lambert—Beer expo-
nential absorption law can be approximated with the
first-order term. This approximation is invalid for a long
rhabdomere where the absorption coefficient of the vi-
sual pigment is not small. Although the present analysis
adequately highlights the major factors shaping the an-
gular sensitivity of fly photoreceptors, a more detailed
study, incorporating realistic parameters for rhabdo-
mere geometry and absorption coefficients remains to be
executed. For instance, the fraction of light propagated
within the rhabdomere, 7, depends strongly on the
rhabdomere diameter, and hence light absorption from
the different modes changes along the length in a ta-
pering rhabdomere (Eqs. 41 and 45), which can greatly
modify the angular sensitivity (Pask and Barrell 1980b).

The contribution of different waveguide modes to the
angular sensitivity has been clearly demonstrated by
Smakman et al. (1984). Electrophysiological measure-
ments of the angular sensitivity of blowfly photorecep-
tors, performed for a number of light wavelengths, could
be unequivocally interpreted using Egs. 34 and 37 (for
z = 0; see van Hateren 1984), from which values for the
radius of the photoreceptor’s rhabdomere were ob-
tained. Furthermore, the narrowing of the angular sen-
sitivity curve due to the pupil mechanism, which
selectively absorbs higher-order modes, could be readily
interpreted. However, the underlying theory (van Hat-
eren 1984) has only considered waveguide mode excita-
tion, which is determined by the distal rhabdomere
radius, and has not incorporated the absorbing rhab-
domere, whilst the electrophysiologically measured an-
gular sensitivity is determined by the complete, tapering
rhabdomere. This criticism does not apply to the angular
sensitivities of blowfly photoreceptors measured with
optical methods by van Hateren (1984), where the distal
ends of the rhabdomeres determine the photographed
radiation patterns. However, the derived angular sensi-
tivities then are not fully equivalent to the angular sen-
sitivities of the functional photoreceptors. As outlined
above, a complete description must incorporate the
rhabdomere tapering and the selective mode absorption.
All the same, the experimental data demonstrate that
waveguide modes play a crucial role, and that the shape
of the angular sensitivity often deviates from a Gaussian
function.
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Assuming that angular sensitivity functions are
Gaussian-shaped, Snyder (1979) introduced an expres-
sion for the halfwidth of the angular sensitivity:

Ap = \/Ap} + Ap?

where Ap; = 4/D; accounts for the facet lens diffraction
and Ap, = D,/f accounts for the angular acceptance of
the rhabdomere. Snyder’s formula seems to suggest that
the only wavelength-dependent factor is the diffraction
by the facet lens and that the contribution by the
rhabdomere is wavelength independent. Of course, the
waveguide optics of the rhabdomere crucially depends
on the light wavelength, but furthermore, the imaging by
the two optical components, facet lens and rhabdomere,
cannot be separated as they form an integrated-optical
system where wave properties dominate. van Hateren
(1984) critically assessed Eq. 46 and showed that it dis-
tinctly overestimates the actual angular sensitivity. In
their profound and broad-ranging treatise of eye design,
Warrant and Mclntyre (1993) discuss the different op-
tical factors contributing to the angular sensitivity of
photoreceptors in arthropod eyes. They clearly illustrate
the incorrect treatment of the angular sensitivity by
Snyder (1979) and repeatedly reach the conclusion that
Eq. 46 inadequately describes the actual angular sensi-
tivity in many photoreceptor systems. The formula
nevertheless has been repeatedly used and even favor-
ably advocated recently (Land and Nilsson 2002). It thus
appears to be necessary to emphasize here again that
Eq. 46, derived with intuitive arguments on a physically
incorrect basis, fully neglects the essential wave proper-
ties of light that crucially determine the excitation of
waveguide modes, that it does not incorporate the dif-
ferences in absorption from the various waveguide
modes, that it does not account for possible tapering of
the waveguide, and that it neglects possible selective
mode suppression by a pupil mechanism (Warrant and
Mclntyre 1993).

Equation 46 suggests that the angular sensitivity
broadens monotonically with increasing wavelength.
This may seem to be the case when the rhabdomere
diameter is very small (Fig. 17d), but this is only
prominent at long wavelengths, where mode power
captured by the rhabdomere (Fig. 17a) as well as
absorption by visual pigments is small. In medium and
large rhabdomere diameters, the angular sensitivity
becomes more squarish for the shorter wavelengths, but
the halfwidth then is virtually wavelength independent
(Fig. 17e, f). A Gaussian shaped angular sensitivity
curve is regained by tapering, but this is then the result
from the decreasing absorption from higher waveguide
modes (Pask and Barrell 1980b; van Hateren et al.
1989). It thus appears that the angular sensitivity of
blowfly and housefly photoreceptors is fully determined
by the rhabdomere geometry and that a more adequate
expression may be wavelength independent, as has in
fact been suggested repeatedly by electrophysiological
measurements.

(40)

Angular sensitivities have been measured for dif-
ferent wavelengths not only in blowfly but also
hoverfly (dark-adapted) photoreceptors, yielding an
approximately constant angular sensitivity, varying
maximally 10-20% (Horridge et al. 1976; Smakman et
al. 1984). The importance of the remaining minor
spectral dependencies must be assessed by considering
the relative contribution of the various wavelengths to
the visual signal. In other words, if we want to under-
stand the optical factors that determine the design of
an eye it is essential to explicitly value the spectral
weight of the angular sensitivity of a certain wave-
length, rather than to consider its normalized spatial
function at different wavelengths separately. Vision is
performed by photoreceptors containing visual pig-
ments with a spectrally limited bandwidth. A proper
treatment of spatial acuity and eye design should
therefore define an effective angular sensitivity, which is
obtained by normalization after the absorbed light
power (Eq. 42) is integrated over the visually relevant
wavelength range.

For dark-adapted blowfly photoreceptors, the case of
the present paper, such an analysis yields an angular
sensitivity well approximated by Ap = D,/f over a wide
range of lens and rhabdomere diameters (Fig. 17). A
generally valid formula, which also covers the partly
light-adapted state, may be not within immediate reach
however, as the Ap-value decreases when light adapta-
tion activates the pupil mechanism (see Smakman et al.
1984). This should be kept in mind when discussing eye
designs, as the partly light-adapted case will be the most
commonly occurring situation in a fly’s active life.
Similar arguments probably hold for most other insect
photoreceptors. I tentatively conclude that many optical
factors work together to produce an effectively wave-
length-independent angular sensitivity function of fly
(and other insect) photoreceptors, thereby possibly
minimizing interference between the coding of space and
color.
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