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ABSTRACT 

This dissertation examines various aspects of optical disk data storage systems from 

the point of view of the irradiance and phase distributions at the exit pupil of the 

objective lens. The research topics were chosen in order to address some of the problems 

facing future generations of optical disk systems. Future optical disks will have a much 

greater areal data density, and will undoubtedly use a shorter wavelength in order to 

decrease the size of the optical stylus. The research in this dissertation examines some of 

the problems inherent in the move to shorter wavelengths. For example, at short 

wavelengths, the tolerance on acceptable disk tilt becomes tighter; disks must either be 

manufactured with a tighter flatness tolerance, or a system must be devised such that the 

problems caused by disk tilt are corrected inside the optical disk drive. (Such a system is 

described in Chapter 6.) The other topics in this dissertation address similar problems, all 

of which are essential for a more complete understanding of optical disk technology. 

After a brief introduction to the irradiance distribution at the exit pupil of the 

objective lens (typically called the baseball pattern), we describe a novel 

focusing/tracking technique. Many optical disk drives use the astigmatic technique, in 

which the baseball pattern is projected onto an astigmatic lens that focuses the beam onto 

a quadrant detector placed between the two line foci of the lens. We experimentally 

demonstrate that by projecting the baseball pattern onto a ring lens (i.e. a lens that focuses 

light to a ring rather than a single spot), we are able to produce steeper focus-error signals 

that are more resistant to feedthrough (induced on the focus-error signal by track 

crossings during the seek operation) than the astigmatic technique. 

We then examine the effects of substrate birefringence and tilt on the irradiance and 

phase distributions at the exit pupil of the objective lens. The irradiance and phase 
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patterns are calculated and experimentally verified for the cases of no substrate 

birefringence, birefringence aligned with the incident polarization, and birefringence 

aligned at 45° to the incident polarization. The irradiance at the exit pupil is also 

calculated and experimentally verified for a grooved substrate for various amounts of 

substrate tilt. 

We then examine two distinct effects that are dependent on the incident polarization 

direction. The first of these is the excitation of surface plasmons at the interface between 

the dielectric substrate (or air, if the optical disk's storage layer is air-incident) and the 

metallic thin films in the disk. These plasmons are responsible for dips in the zeroth 

order diffraction efficiency curves of a metal grating at certain angles of incidence. The 

dips appear as dark bands in the baseball pattern and are seen only when there is a 

component of incident polarization that lies perpendicular to the tracks. The location of 

these bands is derived from theoretical considerations and is shown to depend on the 

track pitch and the materials involved, but not on the groove depth or width. The band 

locations are confirmed by zeroth order diffraction efficiency measurements as a function 

of incident angle. A possible negative effect of these bands is the introduction of 

additional fluctuations and noise into the focusing and push-pull tracking signals. 

The second of the polarization-dependent effects concerns the differences in tracking 

performance with respect to the direction of the incident-light polarization. In optical 

disk storage systems, the signal that provides tracking information is dependent on the 

groove shape, the optical constants of the materials involved, and the polarization state of 

the incident light. We show that the tracking signals can be described by two measurable 

quantities, both of which are largely independent of aberrations in the optical system. 

Using these two quantities, we match the tracking performance of a given optical disk to 

an equivalent disk having rectangular grooves - the adjustable parameters being the 
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rectangular groove depth and the duty cycle. By assumption, the rectangular grooves 

modulate only the phase of the incident beam and disregard its state of polarization. The 

effective groove depth and the duty cycle thus become dependent on the polarization state 

of the incident beam. We examine the dependencies for various disks having different 

groove geometries and different combinations of materials. 

Next, we use the baseball pattern as a diagnostic tool to develop and demonstrate the 

concepts of a servo system for the correction of disk tilt. Since disk tilt produces 

primarily coma in the beam focused onto the disk, the system uses a "variable coma 

generator" to produce and equal and opposite amount of coma as that caused by the tilted 

disk. The magnitude and direction of disk tilt are detected using the light reflected from 

the front facet of the disk substrate. 

Finally, we address a major obstacle in the construction of future generation optical 

disk testers - the use of shorter wavelengths and thinner substrates. A typical aspheric 

singlet used as the objective lens in optical disk data storage systems will not work at 

different wavelengths or with different substrate thicknesses, due to spherochromatism. 

Using two microscope objectives with adjustable collars and a pair of relay lenses, we 

have constructed a system in which a diffraction-limited spot of any wavelength in the 

range of 0.4 Ilm - 0.7 Ilm can be moved by as much as ± 1 00 Ilm in both the focusing and 

tracking directions. This is accomplished by simply moving an aspheric singlet mounted 

in an off-the-shelf optical head. The system uses the adjustable collars of the microscope 

objectives to correct for the spherochromatism of the singlet, and to accommodate the 

various thicknesses of the substrates. 
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CHAPTER 1 

AN INTRODUCTION TO THE BASEBALL PATTERN 

1.1 Introduction 

In an optical disk system, a laser beam is brought to a focus through the transparent 

substrate of the disk, interacts with the data stored on the disk (in the form of pits, marks, 

magneto-optical domains, etc.), and is reflected back through the same objective lens that 

is used for focusing. The disk is grooved and therefore acts as a diffraction grating. The 

zeroth diffracted order is reflected and fills the exit pupil of the objective. The plus or 

minus first reflected orders appear as sections of circles displaced on opposite sides of the 

zeroth order. In their respective regions of overlap, the zeroth and plus or minus first 

orders interfere and provide tracking information by means of their interference pattern. 

The irradiance pattern at the exit pupil of the objective is often called the baseball pattern, 

-1 st 

and is shown schematically in Fig. 1-1. 

There is a great deal of information contained in 

the baseball pattern. In an optical disk drive, the 

pattern is often relayed through an astigmatic lens, 

and yields focusing and tracking error signals from a 

quadrant detector placed between the foci of the 

astigmat (Bricot et at., 1976). In Chapter 2, we will 

discuss a focusing and tracking scheme in which the 

Fig. 1-1. The baseball pattern: baseball pattern is relayed through a ring lens. 
the irradiance distribution in the 
exit pupil of the objective lens Chapter 3 will investigate the effects of substrate tilt 

after the focused light beam is and birefringence on the baseball pattern. In Chapter 
reflected from a grooved disk. 
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4, we will examine a potential source of noise in the baseball pattern - the excitation of 

surface plasmons at the interface between the substrate and a metallic thin film. The 

plasmon effects will show a strong dependence on the polarization direction. The 

polarization dependence of the track-error signal will be explored further in Chapter 5. 

Chapter 6 will show how a servo system may be implemented to correct for the effect of 

disk tilt. Finally, Chapter 7 will demonstrate a versatile objective lens configuration that 

accommodates different wavelengths and different disk thicknesses. 

The remainder of this chapter is a tutorial on the effects of various wavefront 

aberrations on the baseball pattern. There are several prior works that describe the effects 

of wavefront aberrations on an optical disk system. (Braat, 1985; Marchant, 1990) Braat 

relates various disk parameters such as thickness variations or tilt to wavefront aberration 

coefficients W xx, then shows the degradation in signal power as a function of the spatial 

frequency of the data marks on the disk for various amounts of aberration W xx. The 

approach taken in the remainder of this chapter is similar to that of Braat, with the 

addition of many more pictures of both the focused spot and the baseball pattern in the 

presence of the various aberrations. 

Some of the equations in Sections 1.3-1.7 that relate the disk parameters to the 

wavefront aberrations are given in Braat's book; all are derived here in the appendix. 

1.2 Parameters and Definitions 

Sections 1.3-1.7 will be examining the effects of specific wavefront aberrations on the 

baseball pattern; in this section we define some of the quantities used in the later sections. 

All of the pictures shown in Sections 1.3-1.7 are calculated using DIFFRACT, a 

beam-modeling computer program based on a quasi-vector diffraction theory. The 

pictures of the focused spot shown in Sections 1.3-1.7 are displayed with a saturation 



.- ........................ -, ............................ , . . 

. .... __ ..... _-----_ ........ _----- ........ _ ...... 

Fig. 1-2. The split-detector 
arrangement used in push
pull tracking. Each detector 
measures the integrated 
irradiance in one half of the 
baseball pattern. L and R 
indicate the left- and right
hand-side detectors. 
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level set at 1I30th of the peak irradiance in the 

unaberrated spot. in order to emphasize the low-intensity 

rings in the diffraction pattern. 

The push-pull tracking scheme places a split detector 

in the plane of the baseball pattern, as shown in Fig. 1-2, 

and generates a tracking error signal (TES) in accordance 

with the following formula: 
SL -SR 

TES= S S' 
L + R 

(1-1) 

where SL and SR are the integrated irradiances over the 

left and right halves of the baseball pattern, respectively. 

The amplitude of the TES depends on both the 

groove parameters and the aberrations of the beam. In 

order to isolate the effects of aberrations, we perform calculations using a rectangular 

groove profile and a groove depth of 0.1591.., which yields the maximum TES amplitude, 

I TES! [see Chapter 5]. 

Note that 
s A. 

(1-2) ---
r p. NA' 

where s is the center-to-center spacing of the diffracted orders in the baseball pattern, r is 

the radius of the pupil, A. is the vacuum wavelength of the incident light, p is the track 

pitch, and NA is the numerical aperture of the objective lens. We show plots ofiTES! for 

the case when the minus first and plus first diffracted orders touch, i.e. when s = r, or 

when p = IJNA. 

I TES! is a figure of merit and will be used to show the effects of aberrations on the 

baseball pattern. Rather than use maximum RMS wavefront error, maximum RMS spot 
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size, or minimum Strehl Ratio as the criterion for acceptable tracking performance, we 

will use the ITESl itself, and choose (arbitrarily) that acceptable performance will occur 

when ITESl > 0.7. The ITES1 is a more practical figure of merit than all of the more 

commonly-used spot quality criteria; the tracking system in an optical drive will respond 

directly to the ITESl, not to a Strehl Ratio or a wavefront error. In order to optimize the 

tracking perfonnance, we must maximize the ITESl, not minimize the wavefront error or 

spot size. 

The explanation for this apparent discrepancy among the spot quality criteria is 

straightforward: in order to form the fringes in the baseball pattern, certain regions in the 

pupil interact with each other, and the pairing of one pupil region to another depends on 

the spacing of the diffracted orders in the baseball pattern. For the extreme case of a tiny 

amount of overlap between the zeroth and first orders (i.e. the track pitch is slightly larger 

than ')J2NA), the only region of interest in the pupil is at the edge; the light at the center 

of the pupil will not be contained in the regions of overlap between the diffracted orders, 

and will therefore not contribute to the signals derived from the baseball pattern. Because 

of this dependence on the spacing of the orders in the baseball pattern, we see that the 

relationship between the wavefront aberrations is dependent on the track pitch, as will be 

shown in Sections 1.2-1.7. 

The aberrations are expressed as field-independent wavefront aberration coefficients, 

W xx' A diagram of the sign conventions used for the coefficients W xx is shown in the 

appendix. 

1.3 Effects of Defocus 

An axial translation of the disk by a distance 8z (positive when the disk is translated 

away from the objective) will produce a wavefront aberration W20 equal to 
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(b) 

1.0 
Decreasing 

track 
0.8 pitch 

0.6 

1 
ITES] 

0.4 A 
0.2 

O.q!cl .... 
1.0 - .0 -0.5 0.0 0.5 

W20 (in "A.) 

(c) 

Fig. 1-3. (a) Calculated focused spots, and (b) the corresponding calculated irradiance 
distributions at the exit pupil of the objective lens in the presence of defocus. From left 
to right, the amounts of defocus are -0.5"A., -0.2S"A., O"A., O.2SA, and 0.5"A.. The assumed 
track pitch equals IJNA. (c) Plot ofiTES] versus defocus for various values of track pitch 
between 1J2NA and IJNA. (d) Regions of the pupil affected by defocus. As a small 
amount of positive defocus (W20 > 0) is added, the bright areas in the pupil show an 
increase in irradiance, and the dark areas show a decrease in irradiance. The light is 
focused on the center of a track. 

NA2 
W20 = --2-8z. (1-3) 

The effects of defocus are shown in Fig. 1-3. Figure 1-3(a) shows the focused spot as 

W20 is increased through zero in increments of 1J4 (i.e. as the disk is translated toward the 

lens in increments of 1J2NA2
). The corresponding baseball patterns are shown in Fig. 1-
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3(b). Defocus produces vertical fringes in the baseball pattern, with the fringe spacing 

decreasing as defocus increases. 

Figure 1-3(c) shows the effect of defocus on the TES amplitude for various track 

pitches. The best tracking performance corresponds to a track pitch ofIJNA, which is the 

case shown in Fig. 1-3(b). The ITE51 decreases as the track pitch decreases. If the 

tracking performance is deemed acceptable for a ITE51 > 0.7, then from Fig. 1-3(c) we are 

able to define a range of acceptable W20, and therefore a depth of focus. We find that for 

a track pitch of IJNA, I W201 < 0.2 lA, and the depth of focus !::.z is then 
/... 

!::.z = ±0.42 NA 2 • (1-4) 

For a wavelength of 0.78 J,lm and a numerical aperture of 0.55, the depth of focus !::.z is 

±1.1 J,lm. 

1.4 Effect of wavefront tilt 

The only effect of wavefront tilt is a translation of the focused spot on the disk 

surface, and can be caused by a tilting of the incident beam on the objective. A tilt f: of 

the incident beam on the objective will produce a wavefront tilt W[[ of rE, and a 

translation of the focused spot of W[[INA, or rEINA. Since the focused spot is placed at 

the center of the groove by the tracking servo, we are not concerned with wavefront tilt. 

1.5 Effect of spherical aberration 

In an optical disk system, the primary source of spherical aberration is a deviation of 

the disk thickness and/or refractive index from the thicknesslindex for which the 

objective lens is designed. (We may also observe a small amount of spherical aberration 

caused by a shift of wavelength or by the tolerance of the objective lens design 

parameters.) A disk thickness deviation ot will produce a spherical aberration W40 of 
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Fig. 1-4. (a) The amount of defocus W20 required to balance a given amount of spherical 
aberration W40, as a function of track pitch. (b) The calculated focused spots at the 
nominal (unaberrated) focus, and (c) the corresponding calculated irradiance distributions 
at the exit pupil of the objective lens for 1 wave of spherical aberration W40• From left to 
right, the amounts of defocus W20 are -21.., -1.51.., -11.., -0.51.., and 01... The track pitch in 
(c) is AlNA, and the light is focused on the center ofa track. 

(1-5) 

where n is the refractive index of the disk. 
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Fig. 1-5. (a) Calculated focused spots, and (b) the corresponding calculated irradiance 
distributions at the exit pupil of the objective lens in the presence of spherical aberration 
corrected with defocus. From left to right, the amounts of spherical aberration W40 are -
21.., -lA., 01.., 11.., and 21... From left to right, the amounts of defocus W20 are 1.881.., 0.941.., 
01.., -0.941.., and -1.881... The track pitch is IJNA. (c) Plots of ITESl versus spherical 
aberration corrected with defocus for various values of track pitch between IJ2NA and 
IJNA. (d) Regions of the pupil affected by spherical aberration corrected with defocus. 
As a small amount of spherical aberration (W40 > 0) and compensating defocus (W20 < 0) 
are added, the bright areas in the pupil show an increase in irradiance, and the dark areas 
show a decrease in irradiance. The light is assumed to be focused on the center of a track. 

The effects of spherical aberration may be partially corrected with defocus. The ratio 

of required defocus W20 to existing spherical aberration W40 to correct for a given amount 

of W40 is shown in Fig. 1-4 as a function of track pitch; this ratio maximizes the TES 
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amplitude. Note that the ratio changes with track pitch, and that more defocus is required 

to balance spherical aberration when the track pitch decreases. Horizontal lines are 

shown on the graph for the values of W201W4o that minimize the RMS spot size and the 

RMS wavefront error; it is interesting to note that in general the maximum TES amplitude 

does not occur when either the RMS spot size or the RMS wavefront error is minimized, 

but rather for a condition shown in Fig. 1-4(a) that depends on track pitch. 

Defocus cannot completely compensate for spherical aberration, and the spot quality 

will deteriorate in the presence of enough spherical aberration. The effects of this 

corrected spherical aberration are shown in Fig. 1-5. (By corrected, we mean that the 

TES amplitude is maximized by adding defocus.) 

For a track pitch of IJNA, the range of acceptable tracking performance (where ITESl 

> 0.7) occurs when IW401 < LOn., as shown in Fig. 1-5(c). From Eq. 1-5, we may set a 

tolerance I1t for the disk thickness as follows: 

I1t = ±8 7 (~)_A._ 
. n2 -1 NA4 (1-6) 

For a wavelength of 0.78 Ilm, a numerical aperture of 0.55, a disk thickness of 1.2 mm, 

and a substrate refractive index of 1.58, the thickness tolerance I1t is ±195 Ilm. 

1.6 Effect of coma 

The presence of coma in the beam is most likely due to a tilt of the optical disk. The 

comatic tail is oriented along the direction of the disk tilt, which can be decomposed into 

components along the track direction and perpendicular to the track direction. The 

magnitude of the third-order coma W31 can be expressed in terms of the disk tilt a, disk 

thickness t, refractive index of the disk n, and the numerical aperture of the objective NA 

as follows: 
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( 1 1) 3 
W31 =t 2n - 2n3 NA a. (1-7) 

Because coma is an asymmetric aberration, its presence will shift the beam centroid 

off the optical axis. This effect may be partially corrected by the addition of wavefront 

tilt, much in the same manner as spherical aberration is balanced with defocus. The 

required amount of tilt WI I is shown in Fig. 1-6 as a function of track pitch. As with the 

case of defocus, the system requires more correction at smaller track pitches. Strictly 

speaking, the tracking system will only require correction for radial coma, because spot 

quality along the direction of the tracks is unimportant. However, in an actual optical 

disk drive, tangential coma will produce jitter in the data signal, and should be corrected 

with tangential wavefront tilt. 

The effects of coma perpendicular to the tracks is shown in Fig. 1-7. This occurs 

when the disk is tilted about an axis perpendicular to the tracks, commonly called radial 

tilt. Calculated pictures of the focused spots and baseball patterns are shown in Figs. 1-

7(a) and 1-7(b) for various amounts of radial coma W31r> corrected with the appropriate 

amount of radial tilt Wllr• 

. -0.7 
W •• (uruts 
of W3.) -0.6 

\ ~ "Minimum RMS wavefront error 

~-

Fig. 1-6. The amount of wavefront tilt WI I required to correct for a 
given amount of third-order coma W31 , as a function of track pitch. 
If the focused spot is displaced from the center of a track because 
of an aberration of W31> then the plot shows the amount of tilt W I \ 

required to return the TES to zero. The tilt is in the direction of the 
coma. 

For a track pitch 

of NNA, the range of 

acceptable tracking 

performance (where 

ITES] > 0.7) occurs 

when IW31rl < 0.52A, 

as shown in Fig. 1-

7(c). From Eq. 1-7, 

we may set a 
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Fig. 1-7. (a) Calculated focused spots, and (b) the corresponding calculated irradiance 
distributions at the exit pupil of the objective lens in the presence of radial coma 
corrected with radial tilt. From left to right, the amounts of radial coma W31r are -lA., -
0.5A., OA., 0.5A., and 1 A.. From left to right, the amounts of radial tilt W11r are 0.59A., 0.29A., 
OA., -0.29A., and -0.59A.. The track pitch is IJNA. (c) Plots of ITES] versus radial coma 
corrected with radial tilt for various values of track pitch between 1J2NA and IJNA. (d) 
Regions of the pupil affected by radial coma corrected with radial tilt. As a small amount 
of radial tilt (W31r > 0) is added, the bright areas in the pupil show an increase in 
irradiance, and the dark areas show a decrease in irradiance. The focused spot is assumed 
to be on the center of a track (i.e., TES = 0). 

tolerance l1a.r for the radial disk tilt: 

( 
n3 ) A. 1 

l1a.r =±1.04 n 2 -l NA 3 r' (1-8) 
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Fig. 1-8. Same as Fig 1-7, but the coma and the correcting tilt are tangential (W311 and 
Wilt)· 

where ilur is in radians. At A. = 0.78 /-lm, NA = 0.55, n = 1.58, and t = 1.2 mm, the value 

of ilar is ± 11 mrad. 

We repeat the above analysis for the case of tangential coma W31t, which occurs when 

the disk is tilted parallel to the tracks. The effects of tangential coma are seen in Fig 1-8. 

The range of acceptable tracking performance occurs when IW31tl < 0.69A., and leads to a 

tolerance ila, for the tangential disk tilt: 

( 
n3 J A. 1 

ila, =±1.38 n2 -1 NA 3 "'i' (1-9) 
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At A. = 0.78 J.Lm, NA = 0.55, n = 1.58, and t = 1.2 mm, the value of 11a., is ±14 mrad. 

The effects of tilt will be examined in greater detail in Chapter 6, which describes 

how a servo system may be constructed to cancel the effects of disk tilt in an optical disk 

drive. 

1. 7 Effect of astigmatism 

In the presence of astigmatism, the wavefront will have different curvatures along two 

different orthogonal axes. As a result, a focused beam with astigmatism will come to two 

line foci at different locations along the optical axis. The axial separation 8/ of the two 

line foci for a beam brought to focus by a lens with numerical aperture NA is 
2W,., 

8/= NA2 . (1-10) 

Astigmatism is caused primarily by vertical (out-of-plane) birefringence in the disk, 

and will be aligned with the incident polarization direction. Because the incident 

polarization may have an arbitrary direction, the astigmatism may be oriented at any 

angle cp, where cp is the angle between the incident polarization direction and the track 

direction. We denote this oriented astigmatism as W22,ql. 

Figure 1-9 shows through-focus pictures of the focused spot and baseball pattern in 

the presence of IJ2 of astigmatism at 45° to the tracks. The best focus (i.e. the focal 

position at which I TE51 is maximized) occurs in the middle pictures, when the fringes in 

the baseball pattern are oriented perpendicularly to the tracks. 

In general, we can correct for astigmatism with the addition of defocus. If cp = 0° or 

90°, then we can add enough defocus to bring the tracks (one-dimensional structures) into 

an unaberrated focus. With cp = 45°, we can place the disk at the circle of least confusion, 

located halfway between the two line foci. For arbitrary angles cp, we add defocus 

according to 
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(b) 
Fig 1-9. (a) The calculated focused spots, and (b) the corresponding calculated irradiance 
distributions at the exit pupil of the objective lens for 0.5A. of 45° astigmatism W22,4So as 
the disk is moved through focus. From left to right, the amounts of defocus W20 are -
0.75A., -0.5A., -0.25A., OA., and 0.25A.. The assumed track pitch in (b) is IJNA, and the light 
is focused on the center of a track. 

(1-11) 

With the combination of arbitrarily-oriented astigmatism and defocus prescribed by 

Eq. (1-11), the fringes in the baseball pattern will appear perpendicular to the track 

direction, as in the middle picture of Fig. 1-9(b). Note that the defocus given by Eq. (1-

11) will not in general place the disk at the circle of least confusion; the criterion of 

maximized I TESl relies on spot quality only along the direction perpendicular to the 

tracks, and is unaffected by the spot quality along the track direction itself. 

Because the proper amount of defocus will produce a baseball pattern with the fringes 

oriented perpendicular to the tracks for astigmatism oriented in an arbitrary direction, it is 

possible to equate an arbitrarily-oriented amount of astigmatism W22,a with an amount of 

astigmatism oriented at 45° to the tracks W22,4So : 

W22,4So = W 22,1/1 • sin 2<p ( 1-12) 
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Calculations may now be performed in terms of W 22,450 and converted back to the desired 

(b) 

ITE51 

(c) 

Decreasing 
1.0,..........--.--.-----.----, track 

0.8 pitch 

0.6 

Fig 1-10. ( a) Calculated focused spots, and (b) the corresponding calculated irradiance 
distributions at the exit pupil of the objective lens in the presence of 45° astigmatism. 
From left to right, the amounts of 45° astigmatism W22.450 are -0.5/.., -0.25/.., O/.., 0.25/.., 
and 0.5/... From left to right, the amounts of defocus W20 are 0.25/.., 0.125/.., O/.., -0. 125/.., 
and -0.25/... The track pitch is IJNA. (c) Plots of ITE51 versus 45° astigmatism corrected 
with defocus for various values of track pitch between IJ2NA and IJNA. (d) Regions 
the pupil affected by 45° astigmatism corrected with defocus. As a small amount 
astigmatism (W22,450 > 0) and compensating defocus (W20 < 0) are added, the bright areas 
in the pupil show an increase in irradiance, and the dark areas show a decrease 10 

irradiance. The focused spot is assumed to be on the center of a track. 
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There is an important point that must be clarified in this analysis. In an actual optical 

disk drive, the spot quality perpendicular to the track direction is critical for the TES, 

while the spot quality along the track direction must be maintained in order to properly 

read the data stream. A compromise between the tracking servo and the data channels 

must be struck in a real disk drive, since a robust tracking system will not be very useful 

if the data is unreadable. In the presence of astigmatism, a disk drive would most likely 

place the disk at the circle of least confusion, rather than one of the line foci; in terms of 

aberration coefficients, we would add an additional defocus term to translate the 

observation plane from the position that yields the maximum ITE51 to the circle of least 

confusion. 

1.8 Empirical Dependence of TES Amplitude on Wavefront Aberrations 

For the sake of completeness, this section will give (without proof) an expression for 

the I TES1 in terms of wavefront aberrations and various disk parameters. We assume that 

the pupil is uniformly illuminated. 

The TES amplitude may be expressed as 

2sin(8/2) 
(1-l3) 

where 8 is the phase difference between the periodic signals generated by the left and 

right halves of the split detector as the focused spot is scanned across the tracks, and MLR 

is the modulation of the split detector signals. Both 8 and ML•R will be of great utility in 

Chapter 5, where they will be related to actual disk parameters. 

We may express the split detector signal modulation MLR as 

(1-14) 
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where MIRRAD is a modulation term dependent on the powers contained in the first and 

zeroth diffracted orders, and MAHER is a modulation term that depends solely on the 

wavefront aberrations of the beam. 

MlRRAD will be explored further in Chapter 5 [see Eq. (5-9)]. Here, it is expressed in 

terms of wavelength A., track pitch p, numerical aperture of the objective lens NA, and the 

ratio of powers contained in the first and zeroth orders 1,/10: 

2~ Itl 10 
MIRRAD = -----=-1-..:..:..--=---1-' 

,j A. ) + I~ 
2MTl'lp'NA 

where the function MTF is defined as 

MrF(u) = : cos-{;)- :(;)~l-(;)'. 

(1-15) 

(1-16) 

The aberration-dependent modulation term MAHER is the important contribution of this 

section. For a track pitchp equal to UNA, we find that 

I ir ~o 12 [~t.qJ cosq> 12 r~t.'" sinq> 12 11 
I I L 0.531..J + 0.261.. J +l 0.341.. J II 

_ I (_1_) II r Wu .", sin2q>]2 lr W20 + 0.94~0 + ~2.", sin
2 

q> J1211 
MAHER - exp I-loge 0.95 . i 0.131.. + 0.101.. II' 

I I r l' I l h ~,~ +~59fV,,~ J- JJ 

(1-17) 

The quantities W40, W31 .ql' W22.ql' W20, WII.ql' are the wavefront aberration coefficients 

corresponding to spherical aberration, coma, astigmatism, defocus, and tilt. Note that the 

coma, astigmatism, and tilt terms are directional; each aberration is oriented at its own 

angle q> with respect to the track direction. 

Equation (1-17) describes the relationship of the wavefront aberrations to each other. 

For example, we see that we may partially compensate for a given amount of spherical 
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aberration W40 by adding a defocus W20 equal to -O.94W40, and so forth. The tilt term is 

included only to show the amount of tilt needed to compensate for a given amount of 

coma; its effect is a translation of the focused spot along the disk surface, and it does not 

affect the TES amplitude. 

Equation (1-17) was derived empirically from DIFFRACT calculations, and is valid 

only for values of each W xx term less than O.2A.. 

1.9 Summary 

The purpose of this chapter has been to pictorially demonstrate the effects of various 

wavefront aberrations on both the focused spot at the disk and the irradiance pattern at the 

exit pupil of the objective lens. The quantities are expressed in terms of field

independent wavefront aberrations W xx in order to make the analysis independent of 

system parameters such as wavelength, numerical aperture of the objective, or substrate 

thickness. Pictures are shown of the focused spot and the baseball pattern in the presence 

of various amounts of defocus, spherical aberration corrected with defocus, coma 

corrected with wavefront tilt, and astigmatism corrected with defocus. The rES 

amplitude is taken as a figure of merit and is used to develop tolerances for several of the 

disk parameters based on tracking performance. Finally, the areas of the pupil affected 

by each aberration are shown. It might be possible to construct an aberration detection 

scheme based on these pupil areas. 



CHAPTER 2 

RING-LENS FOCUSING AND PUSH-PULL TRACKING SCHEME FOR 

OPTICAL DISK SYSTEMS 

2.1 Introduction 
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To our knowledge, the first appearance of the ring lens in the literature was in a paper 

by Goodell, in conjunction with laser beam drilling of holes (Goodell, 1969). A sharp 

ring may also be obtained by the combination of an rucicon (McLeod, 1954; McLeod, 

1960) and an ordinary spherical lens. The application of the ring lens to focus-error 

detection and its combination with push-pull tracking for optical disk systems was first 

proposed by Mansuripur and Pons (Mansuripur and Pons, 1988). Later, from diffraction 

calculations, the ring-lens scheme was predicted to have superior characteristics over 

other methods of focus-error detection (Bernacki and Mansuripur, 1992; Bernacki, 1992). 

This superiority stems from the fact that the ring lens produces a large yet diffraction

limited image at the detector, has circular symmetry that simplifies alignment procedures, 

and permits focus- and track-error signals as well as the data signal to be detected in the 

same channel. This chapter reports the experimental verification of some of the above 

predictions; in particular, we report that the ring lens produces a steeper focus-error signal 

(FES) curve and has significantly lower feedthrough (i.e. FES generated when crossing 

the tracks) than the astigmatic technique. 

In the sections that follow we describe a method that has been used successfully to 

fabricate the ring lens (Section 2.2), describe our static test-bed for making measurements 

of the FES and the track-error signal (Section 2.3), present the results of these 

measurements for a ring lens, and compare the results with those obtained for the 
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astigmatic scheme (Section 2.4). As a point of reference, the measured data for another 

diffraction-limited focusing scheme, the obscuration method, are presented at the end of 

Section 2.4. 

2.2 Ring Lens Fabrication 

The ring lens used in these experiments was formed on a soda-lime glass slide by a 

thermal process. Initially, a base plate of polished stainless steel with a circular groove 

carved into its flat surface was prepared. This plate was coated with a thin layer of black 

ink, which served as mold-release agent, and then placed in contact with the glass slide. 

The assembly was heated in an oven to 735°C for two minutes and then slowly cooled 

back to the room temperature. During heating, the softened glass sagged into the groove 

and fonned a curved surface in the annulus defmed by the groove. The glass slide was 

subsequently removed from the mold, cleaned, and without further polishing, used in the 

experiments. 

Figure 2-1 shows various features of the fabricated ring lens. Dimensions of the lens 

are depicted in Fig. 2-1(a) as follows: inner diameter, 2.03 mm; outer diameter, 4.35 mm; 

focused ring radius, 1.6 mm. The unshaded annular region in the figure corresponds to 

the section of the lens that has been profiled by the WYKO Corporation's TOPO system 

and shown in Fig. 2-1(b). A scanning electron micrograph of a section of the ring lens 

appears in Fig. 2-1(c), and an interferogram showing Newton's rings for this lens is 

reproduced in Fig. 2-1 (d). 

It must be emphasized that, although the thermal process described above yields 

reasonably good ring lenses, we do not consider it suitable for the fabrication of highly 

accurate, aberration-free lenses. Other shortcomings of this technique include the 

inability to produce lenses with very small ring radii, and also the lack of any direct 
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(b) 

Fig. 2-1. (a) Diagram showing dimensions of the ring lens. The apex of the lens occurs 
at a radius of 1.6 mm, which corresponds to the focused ring radius of a collimated 
incident beam. (b) Surface profile of a section of the lens obtained by interferometric 
measurements. The region captured by the profilometer is the unshaded annulus depicted 
in (a), with a width of 0.52 mm. (c) Scanning electron micrograph image of section of 
the ring lens. (d) Newton's rings observed on a section of the ring lens. 

control over the focal length of the lens. Ideally, such lenses must be made by direct 

molding of glass or plastic, or by the fabrication methods of holographic optics or binary 

optics. 
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The system used to test the various focusing techniques is the static focus-tracking 

test-bed shown in Fig 2-2. This system operates at two He-Ne wavelengths (0.633 ~m 

and 0.544 ~m), and it permits either of two linear polarizations (parallel and 

perpendicular to tracks) to be used for measurements. The paths of the red and green 

beams are coincident after their combination by the dichroic beamsplitter. The beam 

intensity may be controlled by a variable attenuator placed after the dichroic splitter. 

The beam passes through a spatial filter and a removable astigmatism generator 

before reaching the collimating lens. The astigmatism generator consists of a pair of 

transparent optical flats on adjustable mounts. To analyze the sensitivity of the various 

servo systems to wavefront aberrations, we place these flats with certain tilt angles in the 

diverging beam before the collimator. The astigmatism generator has a rotatable mount 

with rotation axis along the optical axis. By adjusting the tilt of the flats and their 
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orientation, we can make them cancel each other's coma, produce a negligible amount of 

spherical aberration, and give rise to a controlled amount of astigmatism on the beam. 

After collimation the beam goes through a removable shear plate, which can detect 

wavefront errors as low as VIO. The beam emerging from the collimator is fairly large in 

cross section and is stopped by a 5 mm-diameter aperture. The collimated beam passes 

through a 50150 beamsplitter cube that sends half of the light to the optical disk (or an 

imitation thereof) and the other half to a plane mirror, which acts as the reference arm in a 

Twyman-Green interferometer. The reference arm is used to check the collimation of the 

beam returning from the disk and is covered during focus- or track-error measurements. 

In our experiments the grooved surface of an optical disk was simulated by a 

reflection diffraction grating, placed at the focal plane of a 40x, 0.55 NA, infinity

corrected microscope objective. The grating has a 1.2 ~m track pitch with a 50% duty 

cycle, a trapezoidal profile, and a peak-to-valley depth of approximately 100 nm. The 

choice of a grating instead of an actual grooved disk eliminates the problem of focusing 

through the substrate, which would unnecessarily complicate the measurements by 

introducing aberrations caused by misalignment and birefringence. The use of a grating 

also affords us more flexibility in selecting the numerical aperture of the objective, which 

are generally not available in a wide variety for 1.2 nun cover slides. The position of the 

grating is controlled by low-voltage piezoelectric transducers, mounted in the actuators of 

an XZ translation stage. A computer-controlled power supply can move the piezoelectric 

transducers in 0.003 ~m increments over a range of ±10 ~m. 

The focusing-tracking optics are placed after the beamsplitter cube and relay lenses; 

they form an image of the exit pupil of the objective on a CCD camera (or a quadrant 

photodetector). The camera has a 640 x 480 pixel CCD, with a pixel size of 

approximately 1 0 ~m. The ring lens forms its image directly on the CCD, which is then 
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Fig. 2-3. Picture of the 
focused ring at the focal 
plane of the ring lens when 
the spot at the focus of the 
objective is (a) reflected from 
a flat mirror, (b) centered on 
a groove edge. (c) Section 
the intensity profile of the 
focused ring (each pixel is a 
10 Ilm x 10 Ilm square). 
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fed through a frame-grabber card to a personal computer. 

The CCD can simulate arbitrarily shaped detectors in 

software; for the ring-lens scheme it simulates a phi 

detector (so named because of its resemblance to the 

Greek letter cj». As for the astigmatic and obscuration 

techniques, the spot formed at the detection plane is 

small; without additional magnification, it cannot be 

picked up by the CCD. A quadrant detector is used in 

these instances to convert the intensity distribution into 

focusing and tracking signals. 

2.4 Focus-Error Detection and Push-Pull Tracking 

2.4.A. Brief Description of the Ring Lens Scheme 

The ring lens used in our experiments had a focal 

length of 25 mm, and it focused a collimated beam into a 

sharp, nearly diffraction-limited ring with a diameter of 

3.2 mm. Figure 2-3 shows pictures of the ring at the 

focal plane of the ring lens; in Fig. 2-3(a) the objective 

lens had focused the spot on a flat mirror, whereas in Fig 

2-3(b) the spot was on a groove edge of the grating. A 

section of the focused ring is shown in Fig 2-3(c) as an 

intensity plot of the light pattern collected by the camera; 

the width of this ring is approximately 50 Ilm. 

A schematic diagram of the ring-lens focusing 

technique is shown in Fig. 2-4. As the disk (grating) 
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Fig. 2-4. Schematic diagram of the method of ring-lens focusing and push-pull tracking. 

moves in and out of focus, the beam incident on the ring lens becomes divergent or 

convergent, and the light at the focal plane of the ring lens moves outside or inside its 

nominal radius. A FES may thus be generated by the subtraction of the integrated 

intensity outside the nominal ring radius from that inside. The difference signal is 

subsequently normalized by the sum signal to eliminate the effects of laser power or 

reflectivity fluctuations. 

2.4.B. Brief Description of the Astigmatic Lens Method 

The astigmatic scheme (Cohen et al, 1984) is depicted in Fig 2-5. The astigmat used 

in these experiments had focal lengths of 19.75 and 20.25 mm and a clear aperture of 

approximately 5 mm. The detector was placed at the circle of least confusion, midway 

between the two line foci, where deviations of the incident beam from collimation 

produced an elongated image in one of two mutually orthogonal directions. The 

elongation of the spot is detected by a four-quadrant detector; one generates the FES and 
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Fig. 2-5. Schematic diagram of the method of astigmatic focusing and push-pull 
tracking. 

track-error signal (TES) by subtracting the integrated intensity on one pair of quadrants 

from that on the other and then dividing by the sum signal. 

2.4.C. Measurement Results and Discussion 

The ring-lens technique was found to produce a steeper FES curve and significantly 

less feedthrough than the astigmatic method. These findings apply to both wavelengths 

and both polarization directions employed in this research. The ring lens was also found 

to be fairly insensitive to misalignments. 

Figure 2-6 shows the FES and TES curves obtained for the ring lens at a wavelength 

of 0.633 Jlm. In Fig. 2-6(a) the FES and sum signal are plotted versus disk displacement 

from the focal plane of the objective. (The disk was represented by a flat, front-surface 

mirror in this case.) The slope of the FES curve is found to be 0.27 Jlm-1
• We obtained 

Fig 2-6(b) by keeping the disk-to-Iens separation constant while scanning across the 
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Fig. 2-6. Plots of FES, TES, and the sum signal for the ring-lens scheme, measured at a 
wavelength of 0.633 ~m: (a) FES versus distance between the disk (a flat mirror) and the 
nominal focal plane of the objective. The constant value of the sum signal is an 
indication that the pair of relay lenses has properly imaged the exit pupil of the objective 
onto the ring lens, thus preventing any loss of optical power. (b) TES and residual 
(spurious) FES during track crossings. (c) Same as (b) except for the presence of 1J4 of 
45° astigmatism on the incident beam. (d) Same as (c) except for the direction of 
polarization, which is now perpendicular to the tracks. 

tracks. The polarization was parallel to the tracks, and the incident beam was free from 

aberrations. Note that the residual FES (i.e. feedthrough) is fairly small. 
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The arrangement was the same for Fig. 2-6(c), except for the presence of 

approximately 1J4 of astigmatism (at 45° to the tracks) on the incident beam; again the 

feedthrough was negligible. Figure 2-6(d) was obtained under the same conditions as 

Fig. 2-6(c) except for the polarization of the beam, which was perpendicular to the tracks 

in this case. The fluctuations of the FES are somewhat greater now, mainly because the 

sum signal has greater variations. The root cause of these fluctuations is the excitation of 

surface plasmons at the surface of the grating, and will be explained fully in Chapter 4. 

Figure 2-7 shows the FES and TES curves obtained for the ring lens at a wavelength 

of 0.544 Jlm. In Fig. 2-7(a) the FES and the sum signal are shown as functions of defocus 

distance. (The disk was a flat, front-surface mirror.) The slope of the FES curve is 0.25 

Jlm-1
• In Fig. 2-7(b) we chose the worst case, in which the polarization is perpendicular 

to the tracks and the incident beam has 1J4 of 45° astigmatism. Surprisingly, the 

feedthrough is very small in this case, even though the sum signal fluctuations are rather 

significant. We conclude that the ring-lens scheme of focus-error detection, combined 

with the push-pull method of track-error detection, is quite robust in the sense that the 

FES is tolerant of track crossings. 

Next we compare the performance of the ring-lens scheme with that of the astigmatic 

method used in certain commercial drives. Figure 2-8 shows the FES and TES curves 

obtained with the astigmatic method at a wavelength of 0.633 Jlm. In Fig. 2-8(a) the plot 

of FES versus defocus, obtained from a flat mirror, yields a slope of 0.08 Jlm-1
• This is 

more than three times smaller than the slope obtained with the ring lens. In Figs. 2-8(b) 

and 2-8( c) the distance between the disk and the objective was fixed, and the spot was 

scanned across the tracks. The polarization was parallel to the grooves. In Fig. 2-8(b), in 

which the incident beam was free from aberrations, the TES has only 60% of its 

amplitude with the ring lens; the drop is probably related to the relative size of the beam 
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Fig. 2-7. Plots of FES, TES, and the sum signal for the ring-lens scheme, measured at a 
wavelength of 0.544 J.lm: (a) FES versus defocus distance. The beam is free from 
aberrations. (b) TES and the spurious FES during track crossings. 

at the detector and the dead zone of the detector. The residual FES is very large, 

however, amounting to almost 2 J.lm (peak to valley) of actual focus error. In Fig. 2-8( c), 

in which the beam has approximately ').)4 of 45° astigmatism, the residual focus error is 

as much as 6 /lm. 

To compare the performance of the ring lens with another diffraction-limited method, 

we investigated the obscuration technique. We covered a half-aperture of a lens with 50 

mm focal length and placed a split detector in the focal plane of this lens. Denoting the 

photodetector signals by S) and S2, we defmed the FES for this system as (S)-S2)/(S)+S2). 

Figure 2-9 shows plots of the FES and the sum signal for the obscuration method. 

The plot of FES versus defocus in Fig. 2-9(a), obtained on a flat mirror, shows a slope 

of 0.5 J.lm-). In Fig. 2-9(b) the conditions are set for the worst feedthrough, i.e., the 

polarization is perpendicular to the tracks and the incident beam has ').)4 of 45° 

astigmatism. The peak-to-valley fluctuations of the residual focus error during track 

crossings are seen to be no more than 0.4 J.lm. 
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The ring-lens technique is fairly insensitive to 

misalignments and imperfections of the system. We 

changed the detector radius by 10 !lm and found the 

slope of the FES curve to be affected only slightly. Of 

course, a mismatch between the ring and detector radii 

does shift the zero of the FES curve, but one can always 

adjust this error by changing the relative gains of the 

various detector segments. We also displaced the 

detector center in various directions by as much as one 

pixel of the CCD (10 !lm). When the displacement was 

parallel to the tracks, the residual focus-error fluctuations 

(i.e., feedthrough) were less than 0.5 !lm. The 

feedthrough was greater when the displacements were 

perpendicular to the tracks (peak-to-valley feedthrough 

of -2 !lm), but it was not large enough to be 

unmanageable in practice. 

2.5 Concluding Remarks 

We have presented a comparison of the ring-lens and 

astigmatic methods of generating focus-error and track-

error signals for optical disk drives. It was found that 

the ring lens produces a substantially steeper FES curve 

than the astigmat. In addition, the cross talk on the 

focus-error signal from track crossings was smaller for 

the ring lens by an order of magnitude. We also found 
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the ring-lens scheme to be tolerant of small errors in detector positioning and alignment. 

The ring lens used in these experiments had a large ring diameter of 3.2 mm, which 

makes it a poor choice for applications in which the simultaneous detection of the servo 

signals and the data signal is desirable. We estimate that a ring diameter near 150 f..l.m 

would be ideal for optical disk applications. This estimate is based on the knowledge that 

(a) the diffraction-limited width of the ring at best focus is near 50 f..l.m, (b) detectors with 

diameters much larger than 100 f..l.m have a large capacitance and are therefore unsuitable 

for data signal detection, and (c) proper positioning and alignment of the detectors in a 

manufacturing environment requires a light spot at the detector that is at least tens of 

microns in diameter. Our theoretical calculations indicate that the slope of the FES curve 

and the magnitude of feedthrough will not be adversely affected by the reduction of the 

ring diameter to such small values as 150 f..l.m, but that sensitivity to aberrations and 

misalignments will improve as a consequence of this reduction. 
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Fig. 2-9. Plots of FES and the sum signal for the obscuration method, measured at a 
wavelength of 0.633 ~m. The lens used for focus-error detection had a focal length of 50 
mm, the obscuration was placed immediately behind the lens with its edge perpendicular 
to the tracks, and the split detector was in the focal plane of the lens. (a) FES versus 
defocus distance. The beam is aberration-free. (b) Spurious FES during track crossings. 

2.6 Summary 

An experimental comparison of the ring-lens and the astigmatic techniques of 

generating a focus-error signal (FES) in optical disk systems reveals that the ring lens 

generates a FES curve over two times steeper than that produced by the astigmat. Partly 

because of this large slope and partly because of its diffraction-limited behavior, the ring

lens scheme exhibits superior performance characteristics. In particular, the undesirable 

signal known as feedthrough (induced on the FES by track crossings during the seek 

operation) is substantially lower than that observed with the astigmatic method. The ring 

lens is easy to align and has reasonable tolerance for positioning errors. 
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CHAPTER 3 

EFFECTS OF SUBSTRATE BIREFRINGENCE AND TILTON THE 

IRRADIANCE AND PHASE PATTERNS OF THE RETURN BEAM IN OPTICAL 

DISK SYSTEMS 

3.1 Introduction 

The effects of disk substrate birefringence and tilt on the return beam in an optical 

disk system are examined. The irradiance and phase at the exit pupil of the objective lens 

are calculated by the use of a computer program that is based on quasi-vector diffraction 

theory, and then they are experimentally verified. The cases of no birefringence, 

birefringence aligned along the principal axes of the substrate (i.e., radial and track 

directions), and birefringence aligned at 45° to the principal axes are examined. A 

grooved substrate is also examined, and the effects of various disk tilts on the irradiance 

pattern at the objective's exit pupil are shown. 

3.2 Experimental Setup 

A schematic diagram of the optical system used in these studies is shown in Fig. 3-1. 

A He-Ne laser is used as the light source, with its polarization axis aligned at 45° to the 

optical table. The beam passes through an attenuator, a spatial filter, and a collimating 

lens to emerge as a virtually aberration-free, collimated beam with nearly uniform 

irradiance over a I-in. (25.4 rnm) diameter. The polarization of the beam is elliptical with 

its major axis at -45° to the table. (The ellipticity is induced at the mirrors, but its 

amount is small). The collimated beam passes through a Glan-Thompson polarizer, 

which sets its polarization either parallel or perpendicular to the optical table. The initial 
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Fig. 3-1. Schematic diagram of the experimental setup. 
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XZ-motion 
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polarization is set at 45° to give equal irradiance at either of the two polarizer settings. 

The beam emerging from the polarizer serves as the light source in a Twyman-Green 

interferometer. 

In the test arm of the interferometer, the beam passes through an objective lens and is 

focused through the substrate to the rear surface of an optical disk. The disk is mounted 

on a computer-controlled XZ-translation stage, which can move the disk either through 

focus or across the tracks. The piezo-electric transducers of the translation stage are 

capable of moving ±15 Ilm in either direction in steps as small as 0.008 Ilm. The stage 

itself is magnetically attached to the optical table, and permits observation of any point on 

the disk surface. 

The reference arm of the interferometer consists of a plane front-surface mirror 

mounted on a piezoelectric transducer-controlled translation stage. By keeping the test 

arm stationary and stepping the reference arm in IJ8 steps, one can acquire five fringe 

patterns, all 90° apart, and use the Hariharan algorithm (Greivenkamp and Bruning, 1992) 
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to extract the phase (modulo 21t) of the wavefront. (No attempt has been made to unwrap 

the phase.) If we wish to interfere two beams that are initially polarized in orthogonal 

directions, we insert a quarter-wave plate (with its fast axis at 450 to the table) into the 

reference arm to rotate the plane of polarization of the reference beam. 

The cube beam splitter is rotated slightly in the plane of the table in order to move its 

surface reflections away from the optical path. The rotation is of the order of 10 and 

introduces a small amount of astigmatism into the measurements. After recombination 

(at the beam splitter) of beams from the two arms, the combined beam passes through 

another Glan-Thompson polarizer, which selects the polarization either parallel or 

perpendicular to that of the incident beam. Note that by the use of only these two 

polarizations and by the use of them one at a time, any phase shifts between the p and s 

polarizations induced by the cube beam splitter will become insignificant. 

A pair of relay lenses are used to image the exit pupil of the objective onto a CCO 

camera. The video signal from the camera is fed into a frame-grabber card, which can 

acquire and store a series of images. If we block the reference arm of the interferometer, 

move the disk at the end of the test arm by various amounts along the optical axis, and 

save the resulting irradiance patterns, we can produce a series of through-focus irradiance 

patterns. Alternatively, if we uncover the reference arm and save the five fringe patterns 

required for phase extraction at each focus point, we can produce a series of through

focus phase patterns. These pictures then show the irradiance and phase in the exit pupil 

of the objective as the disk moves through focus, and these are the data presented in Figs. 

3-3, 3-5, 3-7, and 3-9 below. 

3.2.A Digression 

We present the amplitude and phase patterns over the exit pupil of the objective lens 

for two components of polarization, one parallel to the direction of the incident beam's 
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polarization and the other perpendicular to it. These are the most straightforward 

distributions to determine experimentally. Of course, for practical purposes it may be 

advantageous to exhibit the polarization state (i.e., rotation angle and ellipticity) as 

distributed over the exit pupil. The polarization state, however, can be readily obtained 

from the amplitude and phase data by the use of the following relationships: 

21a1. / all J ) 
tan(28)= I 12CO.)\$1.-$I' 

1- a 1. / a. 
(3-1) 

. 21a1. / all .. J ) 
Szn(2E) = I 12 Slfl\ $1. - $, . 

l+a1./ a ll 

(3-2) 

In Eqs. (3-1) and (3-2) all and a1. are the (complex) amplitudes of the parallel and 

perpendicular components of polarization, respectively, $11 and $1. are the phase angles of 

all and a1., 8 is the polarization rotation angle, and E is the polarization ellipticity. These 

relations may be applied to each and every point within the aperture of the exit pupil, and 

the polarization state is thus determined from the measured amplitude and phase patterns. 

3.2.B Objective Lens 

The objective lens used in our experiments is an Olympus 100x long-working

distance microscope objective with NA = 0.8, which can be corrected for focusing 

through a substrate with a thickness in the range of 0.4 to 1.3 mm. The correction is 

achieved when a calibrated lever on the objective is turned to the correct reading for the 

desired thickness, followed by fine adjustments that are guided by the examination of the 

fringes in the interferometric setup described in conjunction with the system of Fig. 3-1. 

In practice, the lens correction works well enough to reduce the spherical aberration to 

less than IJ4. 
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This numerical aperture is much larger than those typically used in optical disk 

drives. However, the effects of vertical birefringence become more pronounced as the 

numerical aperture increases. Because our primary purpose here is to examine the 

physical phenomena (and not worry so much about their consequences for practical 

systems at the present stage), it is advisable to use the highest NA lens available in order 

to observe the largest possible effect. 

3.3 Theoretical Model 

The modeling program DIFFRACr (Mansuripur, 1989; Mansuripur, 1990) is used 

to examine the effects of substrate birefringence and substrate tilt on the returning beam. 

DIFFRACT is written in FORTRAN, and uses a quasi-vector treatment of diffraction to 

model beam propagation through an optical system. The user simulates his or her system 

by selecting from an assortment of optical components, such as lenses, polarizers, and 

multilayer thin film structures that may contain birefringent layers. 

In this model, a thin layer of birefringent material is used to simulate the plastic 

substrate (Fu et al, 1994). A standard 1.2-mm-thick substrate proves computationally 

difficult to model directly, but it can be replaced by a thin layer with 1175 the thickness 

and 75 times the birefringence of the original substrate. This thin layer induces the same 

relative retardation as the actual substrate on the various rays contained in the focused 

beam, but without the computational difficulties. In addition, because the birefringent 

layer is only 16 ~m thick, one can neglect the spherical aberration correction that would 

be required of a lens that focuses through 1.2 mm of polycarbonate. The 16-~m 

birefringent layer still produces a small amount of spherical aberration (after 

compensation by defocus), but such aberration would be present anyway in a real system, 

in which the substrate thickness is specified to within 50 ~m. 
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Typical values of the refractive indices in a polycarbonate substrate are nr = 1.581, nr 

- nt = 2 x 10-5
, and nr - nz = 6 x 10-4, where nr, nt, and nz are the indices along the radial, 

tangential, and out-of-plane directions, respectively. In the thin-layer model of the 

substrate the base refractive index, nr, remains 1.581, while the 8n values are scaled up 

by a factor of75. The incident medium is taken to also have a refractive index of 1.581, 

which simulates the refractions that occur at the front facet of the substrate without 

introducing additional aberrations or multiple reflections within the birefringent layer. 

DIFFRACT also permits the index ellipsoid to be rotated in arbitrary directions in order 

to simulate different locations on the disk surface. Beneath the birefringent layer, we 

place a high-reflectance layer of aluminum (refractive index = 2 + 7 i). 

Grooves in the substrate are treated as phase objects, which modulate the phase of the 

incident wave front but affect neither the amplitude nor the polarization state of the beam. 

The grooves used in our simulations have rectangular cross sections with a track pitch of 

0.8 Ilm, a depth of 0.08 Ilm, and a 50% duty cycle. The effect of such a grating on an 

incident cone of light is to produce additional cones of light corresponding to the various 

orders of diffraction from the grating. The track pitch is chosen so that the plus or minus 

first orders, while avoiding each other, partially overlap with the zeroth order and create 

the familiar baseball pattern in the overlapping region. 

The interference pattern in the region of overlap resembles a lateral shearing 

interferogram, and displays familiar patterns when specific aberrations are introduced into 

the system. A tilt of the substrate, for example, produces mainly coma in the beam, with 

minute contributions from other aberrations. The substrate tilt in the focused beam will 

therefore be simulated by adding third-order coma to the specification of the objective 

lens. 
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Fig. 3-2. Calculated irradiance and phase in the exit pupil of the objective lens as the disk 
is moved through focus: (a) and (e), the irradiance at best focus;. (b) and (t), (c) and (g), 
and (d) and (h), the phase pattern as the disk is moved out of focus by -2 !lm, 0 !lm, and 2 
!lm, respectively. The assumed substrate is glass, and increasing phase is represented by 
increasing brightness and is shown as modulo 21t. In (a)-(d) the detected polarization 
component is perpendicular to the incident polarization direction; in (e )-(h), the incident 
and detected polarization directions are parallel. 

3.4 Results and Discussion 

Figure 3-2 represents the calculated irradiance and phase of the return beam in the 

exit pupil of the objective lens as a flat glass disk (i.e., no grooves or pits, and no 

birefringence) is moved through focus. The simulation assumes that the beam is focused 

onto the back facet of an isotropic (e.g., glass) substrate of refractive index 1.58l. The 

same simulation will later be repeated with an anisotropic (e.g., plastic) substrate in order 

to study the effects of birefringence. 

For this flat (i.e., grooveless) isotropic substrate, we see in Fig. 3-2(a) a weak but 

symmetrical cross pattern for the returning component of polarization that is 

perpendicular to the incident polarization direction. Figures 3-2(b)-(d) show that adjacent 
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quadrants of the cross pattern are 1800 out of phase, irrespective of the amount of 

defocus. 

For the maIO polarization component (parallel to the incident polarization), the 

irradiance pattern looks fairly uniform over the exit pupil of the lens. The high spatial 

frequency features in Fig. 3-2( e) are a computational artifact that arises from the slight 

undersampling of the curvature of the beam at the front facet of the substrate. The phase 

patterns in Figs. 3-2(f)-(h) show defocus fringes in addition to a small amount of 

spherical aberration. (The residual spherical aberration arises because the objective lens 

used in the simulations is not corrected for the additional 16 flm of glass that was added 

to the substrate.) 

The theoretical predictions of Fig. 3-2 are confirmed by the measurement results 

shown in Fig. 3-3. For rear surface reflection from a flat glass substrate, the measured 

irradiance and phase of both polarizations look very similar to the predictions in Fig. 3-2. 

We see the fourfold symmetrical cross pattern in Fig. 3-3(a). (This pattern looks the same 

regardless of the orientation of the incident beam's polarization as long as the two 

polarizers in the system are crossed.) In Figs. 3-3 (b)-(d), we observe that adjacent 

quadrants of the cross pattern are 1800 out of phase. Fig. 3-3(e) shows that the irradiance 

of the returning parallel polarization component is essentially uniform over the pupil, and 

the phase patterns in Figs. 3-3(f) and 3-3(h) exhibit the expected defocus fringes. 

In the phase patterns shown, astigmatism will elongate the fringes in different 

directions between the opposite sides of focus. In all the measured phase patterns in Fig. 

3-3, we detect a very small amount of astigmatism, which is presumably caused by the 

small tilt of the cube beam splitter. In this system, spherical aberration would manifest 

itself as an asymmetry through focus in the spacing of the circular fringes. We note the 
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Fig. 3-3. Measured irradiance and phase in the exit pupil of the objective lens as the disk 
is moved through focus. The substrate is glass. The experimental conditions are chosen 
such that each frame in this figure corresponds to the equivalent frame in Fig. 2. 

absence of any significant amount of spherical aberration in the measured phase plots; the 

correction of the objective lens for the substrate thickness appears to be working well. 

Next, for the effects of birefringence to be modeled, the 16-Jlm-thick layer used in the 

calculations was made anisotropic; its refractive indices were chosen to introduce 

retardation corresponding to a typical 1.2-mm-thick (grooveless) polycarbonate substrate 

with refractive indices n,., n" and n= given above. With the incident polarization aligned 

along one of the principal axes, DIFFRACT predicts that the major effect of birefringence 

is to convert more light from the incident polarization into the perpendicular component. 

The cross pattern of the perpendicular polarization thus becomes brighter in the four 

comers, as shown in Fig. 3-4(a), and corresponding dark spots appear in the comers of 

the irradiance pattern for the parallel polarization, which are quite visible in Fig. 3-4(e). 

As before, the spurious high spatial frequency features in the simulated results of Fig. 3-

4( e) are a computational artifact. The cross pattern has retained its fourfold symmetry but 
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Fig. 3-4. Calculated irradiance and phase in the exit pupil of the objective lens as the disk 
is moved through focus. The assumed substrate is birefringent with the axes of the index 
ellipsoid aligned with the radial, track, and vertical directions. The incident polarization 
lies along the track direction. See the caption of Fig. 3-2 for a description of the various 
frames. 

is now brighter. Figures 3-4(b )-( d) show that the phase of the cross is also symmetrical 

for various amounts of defocus. The phase plots for the parallel component, shown in 

Figs. 3-4(t)-(h), exhibit a small amount of astigmatism caused by the substrate 

birefringence. (We have observed that this astigmatism will change Sigli if the direction 

of the incident polarization is rotated by 90°.) 

Measurements of a flat polycarbonate substrate with incident polarization lying along 

one of its principal axes confirmed the above predictions. Figures 3-5(a)-(d) show the 

symmetric cross pattern in the perpendicular component. Figure 3-5( e) shows the 

expected darkening in the corners of the irradiance pattern for the parallel component of 

polarization. In Figs. 3-5(f) and 3-5(h) we see a small amount of astigmatism, with the 

expected change of the elongation direction between the opposite sides of focus. The 
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(e) (t) (g) (h) 

Fig. 3-5. Measured irradiance and phase in the exit pupil of the objective lens as the disk 
is moved through focus. The substrate is polycarbonate and the incident polarization lies 
along the track direction. This figure is the experimental counterpart of Fig. 3-4. 

actual vertical birefringence in this substrate appears to have been less than that used in 

the simulations; this is why the measured astigmatism is somewhat smaller than the 

calculated values and also why the dark corners of the calculated parallel irradiance are 

stronger than those in the measured pattern. 

Next, the case of an incident polarization that does not lie along one of the principal 

axes is studied. For the DIFFRACT simulations, the index ellipsoid of the (flat) substrate 

is rotated by 45 0 around the normal to the disk plane, while the incident polarization is 

unchanged. From Figs. 3-6(a)-(d), we see that the cross pattern becomes asymmetric: the 

dark cross has become two dark bands that have moved into opposite corners of the pupil. 

The phase pictures in Figs. 3-6(b )-( d) show that the two small areas sectioned off by the 

dark bands are 1800 out of phase with the rest of the pupil area. The parallel component 

of polarization in Fig. 3-6( e) shows an asymmetry in the irradiance pattern as well: one 

pair of opposite dark spots is slightly larger than the other pair. The phase of the parallel 
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(e) (0 (g) (h) 

Fig. 3-6. Calculated irradiance and phase in the exit pupil of the objective lens as the disk 
is moved through focus. The assumed substrate is birefringent with the axes of the 
ellipsoid rotated by 45° relative to the incident polarization. See the caption of Fig. 3-2 
for a description of the various frames. 

component in Figs. 3-6(0-(h) also exhibits a slight asymmetry. These predictions with 

the rotated index ellipsoid are confirmed by the measurement results shown in Fig. 3-7. 

For these measurements, the disk was mounted such that its principal axes were at 45° to 

the plane of the table; the incident polarization was parallel to the table. 

Finally, we examine the case of a grooved substrate (Braat, 1985; Marchant, 1990). 

Figure 3-8 shows the calculated irradiance distribution at the objective's exit pupil in 

three different circumstances as a 1.0-mm-thick glass disk is moved through focus. The 

zeroth diffracted order is reflected back and fills the pupil of the objective. The plus or 

minus first orders appear as segments of circles in the pupil, shifted to the left and right of 

the zeroth order. The zeroth and plus or minus first orders interfere in their respective 

regions of overlap, and they provide tracking information by means of the resulting 

interference pattern. (This pattern is often referred to as a baseball pattern.) Figure 3-
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(e) (f) (g) (h) 

Fig. 3-7. Measured irradiance and phase in the exit pupil of the objective lens as the disk 
is moved through focus. The substrate is polycarbonate, and it is rotated such that the 
incident polarization lies at 45° to the principal axes of birefringence. This figure is the 
experimental counterpart of Fig. 3-6. 

8(b) shows the baseball pattern at best focus and in the absence of aberrations. Here the 

beam is focused on the edge of a track, and the bright and dark regions in the left and 

right halves of the baseball correspond to constructive and destructive interference 

between the plus or minus first orders and the zeroth order. As we move across one track, 

the phase difference between the plus or minus first orders and the zeroth order goes 

through a cycle of 2n, and we observe that the bright region becomes dark and then bright 

again, whereas the dark region becomes bright and then dark. 
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(c) 

(d) (e) (f) 

(g) (h) (i) 

Fig. 3-S. Calculated irradiance in the exit pupil of the objective lens as the disk is moved 
through focus. The left, center, and right columns correspond to defocus values of -2 J.lm, 
o !J.m, and 2 J.lm, respectively. Here (a)-(c) show the irradiance when the (untilted) glass 
substrate is moved through focus, and (d)-(f) show the irradiance when 2A. of coma 
parallel to the tracks is added to the objective lens; in (g)-(i), 2A. of coma is added 
perpendicular to the tracks. The assumed values of track pitch and depth are O.S J.lm and 
')JS, respectively. Both the incident and detected polarization directions are perpendicular 
to the tracks. 

Figures 3-S(a) and 3-S(c) show the calculated baseball patterns as the disk is moved 

out of focus by -2 J.lm and 2 !J.m, respectively. Defocusing imparts a curvature to the 

interfering wave fronts in the baseball pattern, and the regions of overlap show 
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approximately straight, equally spaced fringes. (Note the similarity in appearance 

between these regions of overlap and a lateral shearing interferogram (Mallick, 1992).) 

As one moves across the tracks (while remaining out of focus), these straight fringes shift 

in the baseball pattern, with the fringes in both the left and right halves of the pattern 

moving in the same direction. On opposite sides of focus, however, the same translation 

of the disk across the tracks will shift the fringes in opposite directions: if with -2 J.lm of 

defocus, translating the disk shifts the fringes to the right, then with +2 J.lm of defocus, 

the same translation will shift the fringes to the left. 

Figures 3-8(d)-(f) show the calculated baseball pattern as the disk is moved through 

focus in the case where the objective lens has 21.. of coma parallel to the tracks. At best 

focus, Fig. 3-8(e), we see a cross pattern in the regions of overlap. (The fringes in the top 

and bottom halves of the cross pattern shift in opposite directions as we move across the 

tracks.) On either side of focus [Figs. 3-8(d) and 3-8(f)], we observe flared fringes. As 

before, a translation of the disk across the tracks that produces a shift in the fringes of 

both halves of the baseball pattern in one direction will shift the fringes in the opposite 

direction if we move to the other side of best focus. 

In Figs. 3-8(g)-(i), the objective has 21.. of coma perpendicular to the tracks. We now 

see elliptical fringes in the baseball pattern, and as one moves out of focus these ellipses 

shift within the regions of overlap. Translation of the disk across the tracks will cause the 

ellipses in both halves of the baseball pattern to either collapse toward their respective 

centers, or to emerge from these centers. Again, we note the similarity between these 

regions of overlap in the baseball pattern and a lateral shearing interferogram in the 

presence of coma and defocus. 
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(a) (b) (c) 

(d) (e) (t) 

(g) (h) (i) 

Fig. 3-9. Measured irradiance in the exit pupil of the objective lens as the disk is moved 
through focus. The left, center, and right columns of pictures correspond to defocus 
values of -2 Jlm, 0 Jlm, and 2 Jlm, respectively. Here (a)-(c) show the irradiance when the 
(untilted) glass substrate is moved through focus, and (d)-(t) show the irradiance patterns 
when the substrate is tilted by 0.8 0 about a radial axis; in(g)-(i), the substrate is tilted by 
0.80 about an axis parallel to the tracks. The track pitch is 0.8 Jlm and the track depth is 
1J8. Both the incident and detected polarization directions are perpendicular to the 
tracks. 

The calculated patterns in Fig. 3-8 are verified experimentally, and the results are 

shown in Fig. 3-9. A small tilt of the disk is sufficient to produce the equivalent of 21.. of 

coma on the focused beam when the beam is incident through the substrate. In Fig. 3-9 
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the disk is tilted by 00 [Figs. 3-9(a)-(c)], 0.80 parallel to the tracks [Figs. 3-9(d)-(t)], and 

0.80 perpendicular to the tracks [Figs. 3-9(g)-(i)]. Note that in Figs. 3-9(d)-(t), the 

contrast is the reverse of that predicted in Figs. 3-8(d)-(t); this is because the beam in this 

case is focused on a different edge of the track than the one used in the simulations. 

3.5 Concluding Remarks 

We have examined the effects of substrate birefringence and tilt on the return beam in 

an optical disk system. Pictures of irradiance and phase of the return beam in the exit 

pupil of the objective lens are given for the cases of no substrate birefringence, 

birefringence aligned with the incident polarization, and birefringence aligned at 45 0 to 

the incident polarization. It is found that without birefringence, one obtains a weak, 

symmetric cross pattern in the polarization component perpendicular to the incident 

polarization; adjacent quadrants of this cross pattern are 1800 out of phase. In the 

presence of birefringence aligned with the incident polarization, the cross pattern 

becomes brighter but remains symmetric. If the in-plane birefringence is not aligned with 

the direction of incident polarization, the cross pattern becomes asymmetric. 

When the grooved areas of the substrate are examined, the irradiance pattern of the 

return beam contains regions that resemble a lateral shearing interferogram. Tilting the 

substrate about an axis perpendicular to the tracks produces cross-shaped fringes in the 

regions of overlap between zeroth and plus or minus first diffracted orders. Tilting about 

an axis parallel to the tracks produces elliptical fringes in the overlap regions. In all 

cases, the predictions of quasi-vectorial diffraction theory were shown to agree quite well 

with the experimental data. 
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3.6 Summary 

Substrate birefringence in an optical disk system is shown to have a predictable effect 

on the return beam. The irradiance and phase patterns of the return beam at the exit pupil 

of the objective lens are calculated and experimentally verified for the cases of no 

substrate birefringence, birefringence aligned with the incident polarization, and 

birefringence aligned at 45° to the incident polarization. The irradiance at the exit pupil 

is also calculated (and experimentally verified) for a grooved substrate for various 

amounts of substrate tilt. 



CHAPTER 4 

EFFECT OF SURFACE PLASMON EXCITATIONS ON THE 

IRRADIANCE PATTERN OF THE RETURN BEAM IN OPTICAL 

DISK SYSTEMS 

4.1 Introduction 
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In an optical disk system, an objective lens focuses the laser light onto the optical 

disk. The disk is grooved with a constant pitch and therefore acts like a diffraction 

grating. The zeroth diffracted order is reflected and fills the exit pupil of the objective. 

The plus or minus first reflected orders appear as sections of circles displaced on opposite 

sides of the zeroth order. In their respective regions of overlap, the zeroth and plus or 

minus first orders interfere and provide tracking information by means of their 

interference pattern. (The irradiance pattern at the exit pupil of the objective is often 

called the baseball pattern, and the tracking signal that is obtained when the grooves are 

iJ8 deep is called the push-pull signal.) 

It was experimentally discovered that for a dielectric medium of incidence and a 

metallic grating (as is the case when a dielectric grating is coated with a thin metallic 

layer), one may see dark circular bands in the zeroth order of the baseball pattern when 

there is a component of incident polarization that lies perpendicular to the grooves. The 

dark bands correspond to dips in the reflectivity of the zeroth order at certain angles of 

incidence, and they can be explained in terms of surface plasmon excitations at the 

dielectric-metal interface. 
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4.2 Theory 

At an interface between a dielectric and a metal, it is possible to excite electron 

oscillations at the surface of the metal when a beam of light with proper propagation 

direction and polarization state is incident at this interface (Rutley, 1982). The surface 

electron oscillations are longitudinal waves, and they are analogous to sound waves 

propagating in the free electron gas of the metal. These oscillations are called surface 

plasmons. 

The properties of surface plasmons depend largely on the frequency of the exciting 

oscillations and the optical constants of the metal. For a given angular frequency ro of 

oscillation, the surface plasmons have a characteristic wave vector ksp. The direction of 

ksp depends on the excitation conditions, and its magnitude is given by (Stem, 1958; 

Ritchie and Eldridge, 1962) 

where 

ro 
ksp = Ikspl = -r, 

c 

2 
Einc = ninc , 

E,(ro) is the real part of the dielectric function of the metal, namely, 

2 2 
Er(ro) = nmetai - Kmetai , 

(4-1) 

(4-2) 

(4-3) 

(4-4) 

c is the speed of light in a vacuum, ninc is the (real) refractive index of the incident 

medium, and nmetai and Kmetai are the real and imaginary parts of the refractive index of the 

metal. Typical values ofr are slightly larger than ninc. 

Metals are lossy optical materials; a plane wave propagating in a metal will be 

strongly attenuated. When a surface plasmon is excited, some of the incident energy is 

transferred to the plasmon, and subsequently absorbed by the metal. This absorbed 
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energy manifests itself as heat, and the metal undergoes a small increase in temperature as 

a result of the plasmon excitation. This increase in absorption occurs only at certain 

orientations of the incident wave vector, and it is only at these orientations that dark 

bands appear in the irradiance pattern of the return beam. 

In order to excite a surface plasmon with an incident plane wave at the interface 

between a dielectric medium and a metallic grating, one must meet three conditions 

(Loewen, McKinney, and McPhedran, 1984). First, there must be a mechanism for 

coupling the incident wave to the surface plasmon. Surface roughness at the interface 

acts as a coupling agent; in the case of gratings, the roughness is inherent in the grooves 

themselves. Second, there must be some component of the incident polarization 

perpendicular to the grooves. Third, the resonance condition must be satisfied: 

ksp = k' + mg, (4-5) 

where ksp is the surface plasmon wave vector, k' is the projection of the incident wave 

vector on the grating surface, m is an integer, and g is the grating vector (g lies 

perpendicular to the grooves in the plane of the grating, and its magnitude Igl is 21tld, 

where d is the grating period). 

Denoting the incident wave vector by 

(4-6) 

and assuming that the grating lies in the XY-plane, with g being parallel to x, we obtain 

(k 
21tm) A Ir A ksp = x +d x + "'}'y. (4-7) 

Taking the magnitudes of both sides ofEq. (4-7), we obtain 

2 21tm - 2 ( )' ksp = kX +d +ky. (4-8) 

The wave vector k of a ray in the incident cone of light may be determined from its 

location (x. y) in the pupil of the objective lens. Let R be the radius of the pupil, NA be 
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the numerical aperture of the objective, and A be the vacuum wavelength of the incident 

beam. Then 

Because the location (x, y) lies inside the pupil, we also require that 

2+ 2<R2 X Y _ . 

(4-9) 

(4-10) 

Substituting the above wave vector into Eq. (4-8), we obtain the following equation for 

the locations (x, y) within the pupil of the objective at which the dark bands due to surface 

plasmons are expected to occur: 

( mAR)2 ,(rR)2 
x+ dNA +y- = NA (4-11) 

From formulas (4-10) and (4-11) it is clear that the dark bands in the zeroth order must 

appear as arcs of circles. The dark bands are most visible when the incident polarization 

is perpendicular to the tracks; they become less visible as the polarization becomes 

aligned with the track direction. 

4.3 Experimental Setup 

There are two optical systems used in this study. One is designed to photograph the 

irradiance distribution at the exit pupil of the objective lens, and is shown in Fig. 4-1. A 

2-m W He-Ne laser (A. = 0.633 /lm) is used as the light source, with its polarization axis 

aligned at 45° to the surface of the optical table. The beam passes through a variable 

attenuator, a spatial filter, a collimating lens, and a rotating linear polarizer to emerge as a 

collimated beam with its polarization either parallel or perpendicular to the optical table. 

The beam uniformly fills the objective lens and is focused onto the optical disk. The disk 

is mounted on a computer-controlled XZ-translation stage, which is used to place the disk 

in best focus and to focus on the edge of a track. A pair of relay lenses are used to image 
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Fig. 4-1. Schematic diagram of the experimental setup for measuring the irradiance 
distribution at the exit pupil of the objective lens. 

the exit pupil of the objective onto a CCD camera. The video signal from the camera is 

fed into a frame-grabber card, which can acquire and store a series of images. 

The other optical system measures the reflected power from a grooved optical disk as 

a function of incident angle, and is shown schematically in Fig. 4-2. A 2-m W He-Ne 

Polarizer 

e er 
(0.633 Jlm) 

Optical 
Power Meter 

Sample 
mounted on 
calibrated 
rotation 

stage 

Fig. 4-2. Schematic diagram of the experimental setup for measuring the diffraction 
efficiencies. 
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laser is used as the light source. The emergent beam is linearly polarized, has a diameter 

of less than 1 mm, and a divergence of less than 2 mrad. The beam passes through a 

quarter-wave plate oriented at 45° to the polarization of the laser and emerges with 

circular polarization. The beam then passes through a Glan-Thompson polarizer which 

sets its polarization either parallel or perpendicular to the optical table. (Circular 

polarization was chosen to give equal irradiance at either of the two final polarization 

settings.) 

The beam is incident on the disk, which is mounted at the center of a calibrated 

rotation stage. This stage permits the selection of angles of incidence between 2° and 84° 

in 1 ° increments. The disk is mounted on the stage such that its grooves lie either 

perpendicular or parallel to the plane of incidence. 

The incident and reflected powers are then measured using an optical power meter. 

The detector is mounted on a movable stand and remains at the same height for the entire 

experiment; only the zeroth reflected order, which remains in the plane of incidence, is 

measured. As the angle of incidence is varied, the detector is positioned manually to 

follow the reflected beam. The diffraction efficiency of the zeroth order is the ratio of 

power reflected (in the zeroth order) to the incident power. 

4.4 Results and Discussion 

Figure 4-3 shows the observed baseball pattern for an air-incident gold-coated disk 

through an objective lens with NA = 0.4. The incident polarization is parallel to the 

grooves in Fig. 4-3(a), and is perpendicular to them in Fig. 4-3(b). The bands in Fig. 4-

3(b) are caused by the excitation of surface plasmons; they are clearly absent from Fig. 4-

3(a), where the polarization is parallel to the tracks. Because the bands fall in the region 

of interference between the zeroth and plus or minus first orders, they may appear either 
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(a) (b) (c) 

Fig. 4-3. Measured irradiance in the exit pupil of the objective lens at best focus. The 
two cases shown are for the incident polarization (a) parallel, and (b) perpendicular to the 
tracks. The reflection grating is a gold-coated optical disk with a track pitch of 1.6 J.l.m 
and groove depth of70 nm. The objective lens has an NA of 0.4. The incident medium is 
air. The pattern in (c) shows the calculated locations of the plasmon bands in the pupil, 
using (n,tc)gold = (0.13,3.16). 

as dark bands on a bright background [as in the left half of Fig. 4-3(b )], or bright bands 

on a dark background (right half of the same figure). The bands are present only in the 

zeroth order, and any difference in contrast with the background is a result of interference 

with higher-order diffracted beams. Figure 4-3(c) shows the plasmon band locations as 

predicted by Eq. (4-11). 

(a) (b) (c) 

Fig. 4-4. Same as Fig. 4-3, but the objective lens has an NA of 0.8. The three arrows in 
(c) indicate the intersection points at which the bands in (b) are seen to "repel" each other, 
rather than cross. 
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(c) 

Fig. 4-5. Measured irradiance in the exit pupil of the objective lens at best focus. The 
two cases shown are for the incident polarization (a) parallel and (b) perpendicular to the 
tracks. The six reflection gratings pictured in (a) and (b) maintain a constant track depth 
and duty cycle as the track pitch increases from 1.2 Ilm to 1.6 Ilm from left to right. The 
gratings are coated with an opaque layer of gold. The objective lens has an NA of 0.4. 
The incident medium is air. The patterns in (c) show the calculated locations of the 
plasmon bands in the pupil, using (n. = (0.13,3.16). 

Figure 4-4 shows the same disk viewed with a higher NA objective. In Fig. 4-4(a) the 

incident polarization is parallel to the tracks, and we see the presence of the zeroth and 

plus or minus first, second, and third orders in the irradiance pattern. In Fig. 4-4(b), when 

we rotate the polarization to lie perpendicular to the tracks, we see, in addition to the 

various diffracted orders, the dark bands in the irradiance pattern. Some of these are the 

same bands as those in Fig. 4-2, but we now see a few more bands because of the larger 

range of incident angles admitted by the higher NA. Again, Fig. 4-4(c) shows the 

predicted plasmon band locations from Eq. (4-11). 
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An interesting phenomenon is observed at three of the points of intersection of the 

plamson circles. At the three intersection points located by arrows in Fig. 4-4( c), the 

observed bands in Fig. 4-4(b) appear to "repel each other, exchange identities, and then 

separate", rather than cross (Stewart and Gallaway, 1962). Such behavior of the plasmon 

bands has been previously observed (Stewart and Gallaway, 1962; Kretschmann, 1978; 

Raether, 1982), and can be explained by existing theoretical treatments (Hessel and 

Oliner, 1965; Cowan and Arakawa, 1970; Maradudin, 1982). It is not understood at the 

present time why this is seen in only three out of the ten intersection points present in Fig. 

4-4(b), nor why it is not seen in the other figures in this chapter. 

In Fig. 4-5, we show the effect of track pitch (i.e. grating period) on the plasmon 

bands. The six disks used here have identical materials, groove depth, and duty cycle (i.e. 

groove width / track pitch), but they have an increasing track pitch from the left to the 

right. In Fig. 4-5(a) the incident polarization is parallel to the tracks, and we see the 

expected inward movement of the plus or minus first orders in the baseball pattern caused 

by the increasing track pitch. When the incident polarization is made perpendicular to the 

tracks in Fig. 4-5(b), the plasmon bands appear. One can readily verify that the position 

of these bands is related to the track pitch, in accordance with Eq. (4-11), as shown in 

Fig.4-5(c). 

In Fig. 4-6 we examine the baseball patterns from ten disks with identical materials 

and track pitches but with varying groove depths and duty cycles. Note in Fig. 4-6(b) 

that the location of the plasmon bands does not vary at allover the ten samples. For 

gratings with shallow grooves, the locations of the plasmon dips are independent of 

groove depth and shape; this is in accordance with Eq. (4-11), from which groove depth 

and duty cycle are absent. 
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(b) 

Fig. 4-6. Measured irradiance in the exit pupil of the objective lens at best focus. The 
two cases shown are for the incident polarization (a) parallel and (b) perpendicular to the 
tracks. The ten reflection gratings pictured in (a) and (b) maintain a constant track pitch 
of 1.6 J.1m while the depth decreases from 154 to 54 run and the width decreases from 0.6 
to 0.4 J.1m from left to right, top to bottom. The gratings are coated with an opaque layer 
of gold. The objective lens has an NA of 0.4. The incident medium is air. 

Figure 4-7 shows the baseball patterns from six disks with groove geometries 

identical to those used in Fig. 4-5 but coated with aluminum instead of gold. We observe 

the shift of the plasmon bands with track pitch as expected, but also a slight displacement 

of the bands relative to those shown in Fig. 4-5. From Eq. (4-11) we may infer that 



(c) 

Fig. 4-7. Same as Fig. 4-5, except that the gratings are coated with an opaque layer 
aluminum. The calculated patterns in (c) use (n,K)a1uminum = (2, 7). 
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changing the grating material produces a different value of r, and therefore changes the 

radius of the circles while leaving the centers in the same locations. 

To verify that the absorption bands are in fact features of the zeroth diffracted order, 

we calculated and then measured the diffraction efficiency of the reflected zeroth order as 

a function of incident angle. The calculations were performed using a computer code 

based on a differential method (Li, 1994), for the two cases in which the plane of 

incidence lies perpendicular and parallel to the tracks. These two cases are realized along 

horizontal and vertical axes through the center of the baseball pattern and are denoted as 

case (H) and case (V). 
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Fig. 4-8. Plots of diffraction efficiency for the zeroth reflected order as function of the 
incident angle. The grating is coated with a thick layer of aluminum, and the plane of 
incidence lies parallel to the tracks. The track pitch is 1.6 J.l.m, and the groove depth and 
width are 70 nm and 0.5 J.l.m, respectively. The incident medium is air. (a) Calculations 
using (n,K)aluminum = (2, 7); (b) measurements. 

From Eq. (4-11) it is straightforward to derive expressions for the angular location of 

the plasmon absorption bands. For case (H) incidence, dips in reflectivity occur at angles 

of incidence 8 given by 

sin 8 = _1_(r _ rnA.). 
nille d 

(4-12) 

For case (V) incidence, the dip locations are given by 

[ 
, 1112 1 , rnA.-

sin 8 = - r- - (-) J 
nme d 

(4-13) 

A sample set of diffraction efficiency calculations and measurements is shown in Fig. 

4-8, showing excellent agreement between theory and experiment. The dip locations 

predicted by Eq. (4-13) for this case are 39.0° and 68.5°, which coincide precisely with 

calculated and measured efficiency curves. 
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(c) 

Fig. 4-9. Measured irradiance in the exit pupil of the objective lens at best focus, 
averaged as the focused spot is moved rapidly across the tracks. The cases shown are for 
the incident polarization (a) parallel and (b) perpendicular to the tracks. The six 
reflection gratings pictured in (a) and (b) maintain a constant groove depth and duty cycle 
as the track pitch increases from 1.2 flm to 1.6 flm from left to right. The gratings are 
coated with an opaque layer of aluminum, and are located on the rear surface of a 1.2-
rnm-thick polycarbonate substrate. The objective lens has an NA of 0.8, and is corrected 
for a substrate thickness of 1.2 rnm. The patterns in (c) show the calculated locations 0 

the plasmon bands in the pupil, using (n, K)a1uminum = (2, 7) and nine = 1.58. 

Surface plasmon absorption bands were also observed for incidence through the 1.2-

rnm-thick polycarbonate substrate. The pictures in Fig. 4-9 show the baseball pattern as 

the tracks are moved rapidly under the focused spot in order to average the irradiance 

pattern and minimize the effect of the non-zero orders within the baseball pattern. As 

before, the incident polarization is parallel to the tracks in Fig. 4-9(a), and perpendicular 

to them in Fig. 4-9(b). Although the nonzero orders are still faintly visible in both sets, 

we are able to discern additional dark bands in Fig. 4-9(b), which are caused by surface 
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plasmons. The calculated locations of the plasmon bands are shown in Fig. 4-9( c). Not 

all of the calculated bands in Fig. 4-9(c) are visible in Fig. 4-9(b); the reflectivity dips for 

some of the bands are too small to be seen here. 

4.5 Conclusions 

The excitation of surface plasmons at a dielectric-metal interface is a well-known 

phenomenon, which is responsible for dips in the diffraction efficiency curves of a metal 

grating at certain angles of incidence. The dips appear as dark bands in the baseball 

pattern of an optical disk system, and are seen only when there is a component of incident 

polarization that lies perpendicular to the tracks. The location of these bands is given by 

Eq. (4-11) above, and is seen to depend on the track pitch and the optical constants of the 

materials involved, but not on the groove depth or width. The band locations are 

confIrmed by zeroth order diffraction efficiency measurements at various angles of 

incidence. 

A possible negative effect of the plasmons on an optical disk system may be the 

introduction of a small amount of noise into the focusing and push-pull tracking signals. 

The bands are likely to occur in a region of overlap between the zeroth and plus or minus 

first orders [as in Fig. 4-3(b)] and appear as regions of low contrast in the interference 

pattern. The plasmon bands effectively decrease the area over which the orders interfere, 

resulting in a smaller push-pull signal. 

4.6 Summary 

The excitation of surface plasmons at a dielectric-metal interface is responsible for 

dips in the zeroth order diffraction efficiency of a metal grating at certain angles of 

incidence. The dips appear as dark bands in the returning irradiance pattern in an optical 
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disk system and are seen only when there is a component of incident polarization that lies 

perpendicular to the tracks. The location of these bands is derived from theoretical 

considerations and is shown to depend on the track pitch and the materials involved, but 

not on the groove depth or width. The band locations are confirmed by zeroth order 

diffraction efficiency measurements as a function of incident angle. A possible negative 

effect of these bands on an optical disk system is the introduction of additional 

fluctuations and noise into the focusing and push-pull tracking signals. 
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Early studies of optical disks used scalar diffraction theory to model the interaction of 

light with the storage medium. An early analysis of video-disk readout assumed a scalar 

grating model with only one track present on the disk and, moreover, took the shapes of 

both the pupil of the objective lens and the focused spot to be squares (Korpel, 1978). 

The data marks on the disk were taken to be rectangular objects that imparted a constant 

phase to the reflected wavefront over the area of the mark. Another scalar diffraction 

analysis utilized capsule-shaped marks arranged in various configurations to study 

intermodulation and cross talk; the complex reflection coefficients were assumed to be 

constant within the area of the marks (Hopkins, 1979). A later analysis used trapezoidal 

and V -shaped grooves to characterize the performance of the tracking servo as a function 

of groove shape (Murakami, 1984). Because of the scalar nature of the diffraction theory 

used, none of these studies predicted a dependence of performance on the direction of 

incident polarization. 

A theoretical analysis of RCA VideoDisc signals used both the scalar and the full

vector diffraction theories in the cases of plane-wave and focused-beam illumination to 

predict the perfonnance differences between the two directions of incident polarization 

and also to compare the results with the scalar predictions (Sheng, 1978). The study 

involved metallic, square-wave gratings with grooves of various depths and widths. Two 
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of the important results from Sheng's study are (1) that the scalar-theory approximations 

fail when either the spot size or the features on the disk are comparable with or smaller 

than the wavelength of the incident light, and (2) that, for the push-pull method of 

tracking, in terms of the depth insensitivity of the track-error signal, light polarized 

parallel to the tracks is expected to be superior to that polarized perpendicular to the 

tracks. 

A theoretical study of the polarization dependence of the return signals in an optical

disk system, performed using a vector diffraction theory, used plane-wave illumination 

incident on either trapezoidal or V -shaped grooves (pasman, 1985). The grooves were 

etched into a thick substrate, with a specified set of optical constants for both the grating 

material and the incident medium. Pasman concluded that, because optical disks are read 

through a substrate that reduces the effective wavelength by a factor of approximately 1.5 

and because the chosen pit geometries produce relatively small polarization effects, scalar 

diffraction theory may be used to give satisfactory results for modeling the readout of 

optical disks. In other words, the expected difference in performance between the two 

incident polarization directions is small when looking through a substrate, and the 

behavior of both polarizations is fairly well described by scalar diffraction theory. 

A full vector-diffraction theory treatment of the problem used a focused, truncated 

Gaussian beam incident on a rectangular, perfectly conducting grating and showed, 

among other things, that the groove depth at which the tracking-servo signals are at their 

optimum is different for the two cases of incident polarization (Kobayashi, 1993). 

In all the above analyses of optical-disk readout, it is implied that the shapes of the 

grooves, as well as the optical constants of the materials involved, have been somehow 

determined. For a given optical disk, it is difficult to specify the exact groove shape 

without time-consuming, destructive techniques, such as scanning-electron or scanning-



83 

tunneling microscopy. It would be beneficial to relate the behavior of a real disk to the 

well-understood performance of a disk with rectangular grooves in the scalar 

approximation. Such an approach would permit comparisons of the performances of the 

same disk under conditions of different incident polarizations and different grating 

materials;both of which are generally ignored in the scalar treatment. In accordance with 

this objective, the goals of this chapter are (1) to present a simple method to characterize 

the push-pull tracking signal that corresponds to a given optical disk, and (2) to use this 

method to examine systematically the differences in behavior between the two orthogonal 

orientations of incident polarization with respect to the directions of grooves. 

In Section 5.2 we describe the optical system used to examine the irradiance 

distribution at the exit pupil of the objective lens and show how the tracking-error signal 

(TES) is obtained from this irradiance pattern (often popularly referred to as the baseball 

pattern). In Section 5.3 we define two parameters, cS and /,//0, show how they can be 

extracted from the baseball pattern, and relate them to the measured TES amplitude and to 

the diffraction efficiencies of the grooved disk surface. In Section 5.4 we describe the 

behavior of a simplified model of a disk having rectangular grooves in terms of the 

parameters cS and /,1/0• Finally, we combine these results to obtain an equivalent groove 

geometry (with a rectangular cross section) for a given optical disk in an experimental 

setting. By relating the actual disk performance to an equivalent groove geometry, we are 

able to make comparisons of the performance of the same disk for the cases of incident 

polarization that are parallel and perpendicular to the grooves. Our experimental results 

for a number of cases of practical interest are described in Section 5.5. 

5.2 Experimental Setup 

The optical system used in this study and shown in Fig. 5-1 is designed to photograph 

the irradiance distribution at the exit pupil of the objective lens. A 2-m W He-Ne laser (A. 
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Fig. 5-1. Schematic diagram of the experimental setup for the measurement of the 
irradiance distribution at the exit pupil of the objective lens. 

= 0.633 !lm) is used as the light source, with its polarization axis aligned at 45° to the 

surface of the optical table. The beam passes through a variable attenuator, a spatial 

filter, a collimating lens, and a linear polarizer in a rotatable mount to emerge as a 

collimated beam with its polarization either parallel or perpendicular to the optical table. 

The beam uniformly fills the entrance pupil of the objective lens and is focused onto the 

optical disk (sample). The disk is mounted on a computer-controlled XZ translation 

stage, which is used to place the disk at the best focus and to enable the beam to walk 

across the tracks. A pair of relay lenses is used to image the exit pupil of the objective 

onto a CCD camera. The video signal from the camera is fed to a frame-grabber card, 

which can acquire and store a series of images. Various detectors can then be simulated 

on the computer and their signals obtained from these images. 

The irradiance pattern in the exit pupil of the objective lens upon reflection from a 

grooved disk (i.e., the baseball pattern) is shown schematically in Fig. 5-2(a) (Braat, 

1985; Marchant, 1990; Mansuripur, 1995). The reflected zero-order beam fills the pupil, 

and the reflected plus and minus first orders appear displaced on either side of the zero 
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Fig. 5-2. Irradiance pattern in the objective-lens exit pupil after a light beam is reflected 
from a grooved disk: (a) The baseball pattern obtained in the far field when the focused 
light beam is diffiacted from a periodic structure. L1, 1o, and 1+1 are the irradiances of the 
minus-first, zero, and plus-first diffracted orders. (b) The split-detector arrangement used 
in push-pull tracking. Each detector measures the integrated irradiance in one half of the 
baseball pattern. Land R indicate the left- and right-hand-side detectors. (c) The baseball 
pattern that is observed after averaging as the focused spot is moved rapidly across the 
tracks. The ratio of the irradiances of the first-order and the zero-order beams is obtained 
from the average irradiances within the three marked regions (A, B, and C) of the baseball 
pattern. 

order. In the regIons of overlap, the diffracted orders interfere and provide the 

information signal for tracking. The push-pull tracking scheme places a split detector in 

the plane of the baseball pattern, as shown in Fig. 5-2(b), and generates a TES in 

accordance with the following formula: 
S -S 

TES= L R 

SL +SR ' 
(5-1) 

where SL and SR are the integrated irradiances over the left and right halves of the baseball 

pattern, respectively. 

The magnitude of the TES degrades with system misalignments and aberrations and is 

therefore not the best quantity to use for the characterization of the baseball pattern 

generated by a particular disk. Two other quantities that can be derived from the baseball 

pattern and that are insensitive to aberrations provide a much better basis for analysis. 
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These are the phase parameter 8 and the intensity ratio 1[110, which are described Section 

5.3. 

5.3 Characteristic Parameters 8 and 111/0 

The first of the two characteristic quantities is the phase difference 8 between the 

periodic signals SL and SR generated by the left and right halves of the split detector as the 

focused spot is scanned across the tracks. 8 is normalized by the period of the 

oscillations, and is in units of degrees. The second quantity is the ratio 1[110 of the power 

contents of the first-order and zero-order diffracted beams [see Fig. 5-2(a)]. In this paper, 

we assume that the pupil is uniformly illuminated, and that, as a result of the symmetry of 

the groove shape, the powers of the plus and minus first-order beams are equal. The ratio 

11110 is thus equal to the ratio of irradiances within the first- and zero-order beams, 

because the circular areas covered by the individual beams are of equal size. 

Both 8 and 1[110 are directly measurable from a given baseball pattern. To find the 

ratio 1[110, we divide the exit pupil into three regions: region A, in which the minus-first 

and zero orders interfere; region B, where only the zero-order beam is present; and region 

C, in which the zero and the plus-first orders interfere. As the focused spot is scanned 

across the tracks, the irradiances in regions A and C will oscillate, completing one cycle 

for every track period. If the across-track movement is rapid enough, however, these 

oscillations tend to wash out, and an averaged image of the baseball pattern is acquired. 

If the irradiances of the minus-first, zero, and plus-first diffracted orders are denoted by L 

[,10, and I+ b then, in this averaged baseball pattern, the average irradiance in region A, lA, 

will be 10 + L[, the average irradiance in region B, 18 , will be 10, and the average irradiance 

in region C, Ie, will be 10 + 1+[, as indicated in Fig. 5-2(c). 
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Fig. 5-3. (a) Typical signals from the two halves of the split detector and the sum of their 
signals, as the focused spot is scanned across the tracks. The maximum (max) and 
minimum (min) values of the individual (5) and sum (SUM) signals are used to calculate 
the phase difference (). (b) Plots of the right-hand-side detector signal versus the left
hand-side detector signal as the focused spot is moved across the tracks. Each ellipse is 
measured with a specific defocus of the disk; the outennost ellipse corresponds to the 
best-focus position. 

To properly extract the ratio of 1[1/0, one must make a small correction for any 

nonunifonnities that might exist in the pupil irradiance in the absence of the grooves. If 

polarized light is reflected off a planar mirror surface, variations of the Fresnel reflection 

coefficients with respect to incident angle and the presence of aberrations and 

misalignments in the system will cause certain regions of the pupil to be brighter than 

others. Thus, if we divide the pupil into three regions (as described earlier), in the 

absence of grooves we will typically find that IA * IB and Ie * lB' For an objective-lens 

numerical aperture (NA) ofOA and a wavelength of 0.633 Ilm, values of IAIIB and lellB in 

our system typically range from 0.93 to 1.07, depending on the direction of incident 

polarization and the optical constants of the materials involved. The extraction of 1/10 

thus requires two measurements of lA, IB' and Ie: one in the region of the grooves, and 
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another, under identical circumstances, in a flat region of the disk. One then obtains 1[110 

from the following formula: 

(5-2) 

The average irradiances lA, IB' and Ie are found from an acquired, averaged image by 

separate summation of the pixel intensities for regions A, B, and C, then normalization by 

the number of pixels in each region. 

To fmd 8, we define, with reference to Fig. 5-3(a), the sum signal of the split detector 

as 

and the modulations of the sum signal and the individual-detector signals as 
SUMmax - SUMmin 

MSUM = SUM SUM' 
max + "'i" 

S L",ax - S Lmlll 
ML = --=.::.:=.-...::.:.:.::~ 

S L",ax + S Lmlll ' 

S Rmax - S Rmlll 
MR= . 

S R",ax + S Rmin 

(5-3) 

(5-4) 

(5-5a) 

(5-5b) 

Because ML and MR tum out to be equal in our system, we can use either of them in the 

equations that follow. The phase difference 8 between SL and SR is thus given by 
(M 1 

s:: = 2 -I l SUM) U cos M . 
L.R 

(5-6) 

As the disk moves in and out of focus and as the various aberrations are introduced 

into the system, the quantities M L.R and MSUM decrease. It was found experimentally, 

however, that the values of 8 and 11110 remain largely unaffected by defocus or by 

aberrations. There exists a simple visual method to show that 8 is independent of 

defocus. If SR is plotted against SL as the focused spot is moved across the tracks, the 



Fig. 5-4. Schematic diagram showing the 
complex diffraction coefficients of the 
minus-first-order, zero-order, and plus-first
order diffracted beams. F or each order m, 
the diffraction coefficient Am has an 
amplitude IAml and a phase ~m. Also shown 
are the parameters 11, W, and d of a grating 
with a rectangular cross section. 

constant as the disk moves through focus. 
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signals trace out an ellipse in time, whose 

degree of ellipticity is related to o. If 

aberrations or defocus are added, the 

ellipses shrink in size, but remain 

concentric and maintain their ellipticity. 

A typical set of such ellipses is shown in 

Fig. 5-3(b). The outermost ellipse is 

obtained when the disk is at the best 

focus, and the smaller ellipses are traced 

out as various amounts of defocus are 

added. Note that the degree of ellipticity, 

and therefore the value of 0, remains 

The parameters 0 and IllIo are related to the phase angles and to the diffraction 

efficiencies of the zero and the plus or minus first orders as follows: 

(5-7) 

(5-8) 

In the above equations IAml and ~m are the amplitude and phase of the mth-order diffracted 

beam, as shown in Fig. 5-4. In the absence of aberrations, and for a uniform incident 

distribution, the modulation of individual-detector signals is given by 

2fiJ/: 
ML.R = B I' 

1+-+-1 

2A 10 

(5-9) 
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where A and B are the areas of regions A and B in Fig. 5-2(c), respectively. Note that the 

individual signal modulations are independent of O. For any given set of values of 0, ML.R 

and MSUM' the peak-to-valley TES amplitude will be 

I
TE(J = 2sin(o 12) = i ML•R 2 - Msw•t

2
1)112 

UI r 1 lll2 \... 1 - M sw./ 

l M 2 -cos2(0 12)J 
L.R 

(5-10) 

In the ideal case when 0 = 180°, we find that ITES! = 2ML.R and Msw"{= 0, as expected. 

5.4 Behavior of a Grating with Rectangular-Groove Profile in the Scalar 

Approximation 

Both 0 and Itf/o depend on the groove geometry, the optical constants of the materials 

involved, and the direction of the incident polarization. In general, given the measured 

values of 0 and 11110, it is not possible to identify unique groove geometry; these two 

pieces of information are simply not enough for the purpose. It is possible, however, to 

determine an effective grovve profile with a rectangular cross section that, in the scalar 

approximation, would yield the same values of 0 and 11/10 as those measured. By varying 

the depth and width of a periodic phase object having a rectangular-groove geometry, as 

shown in Fig. 5-4, one can produce any combination of values of 0 and 11/10• Therefore, 

the measured baseball pattern in each case may be uniquely associated with an equivalent 

rectangular grating. 

Consider a phase grating with period 11 that imparts a phase retardation ~(x) to an 

incident wave front. The complex amplitude Am of the mth diffracted order will, in the 

scalar approximation, be independent of the direction of incident polarization and is given 

by 

I /Xo+<l icjl(.r) -i2:t ~t 
Am = - J e e ~ dx, 

11 .ro 
(5-11) 
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where Xo is an arbitrary point along the X axis, which is assumed to be perpendicular to 

the grooves in the plane of the grating. Expressions for 8 and 1\110 can now be obtained 

fromAo, A+t. andA_\ through the use of Eqs. (5-7), (5-8), and (5-11). As expected, 8 and 

1\110 will turn out to be independent of Xo. For a reflection grating with a rectangular

groove profile, we define the duty cycle c as 
w 

c=
.1' 

(5-12) 

where w is the groove width and .1 is the groove period (i.e., the track pitch). We also 

define the single-path phase shift <I> that is experienced by a normally incident beam of 

light as 
21t 

<1>= -nd 
"A. ' 

(5-13) 

where n is the refractive index of the medium of incidence, d is the physical depth of the 

grooves, and "A. is the vacuum wavelength of the incident light. In terms of the above 

parameters, one can readily show that <5 and 1\110 can be written as follows: 
1 

tan(<5/2) = ( 2) , 1- c tan<l> 
(5-14) 

1( 1 sin 2 (1tc) 

I 1t 2 1 
o -c(l-c) 

4sin 2 <I> 

(5-15) 

Figure 5-5 shows performance curves for a rectangular phase grating as functions of 

its duty cycle c and its effective groove depth nd. There is only one combination of 

groove depth (between 0 and "A.l4) and duty cycle (between 0 and 0.5) that gives rise to a 

given pair of values for <5 and 1\110. Our procedure for fmding the equivalent depth and 

duty cycle is simply to pick the contour plots corresponding to the measured values of 8 

and 1\110 and to identify the coordinates of the crossing point from Fig. 5-5. 
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Fig. 5-5. Performance curves for a rectangular phase grating in the scalar approximation: 
(a) contour curves for a constant phase difference 8 between the left-side and right-side 
detector signals, and (b) contour curves for a constant power ratio 11110, 

5.5 Experimental Results 

By modeling the groove cross sections as rectangular, we may compare the 

performance of a single grooved structure under different incident polarizations: the 

apparent depth and duty cycle of the groove will change when we rotate the plane of 

polarization relative to the groove direction from parallel to perpendicular. 

Three polycarbonate optical disks were used in our study, all of which had a thickness 

of 1.2 rnm and a refractive index of 1.58 at A. = 0.633 f.lm. The disks were obtained as 

uncoated, grooved substrates and were manufactured with the injection-molding process. 

In each disk the grooves were divided into bands (Le. radial zones), in which the groove 

geometry varied from band to band. We coated certain regions of the disks with a fairly 

thick layer of metal (gold or aluminum) so we could study the effects of different 



93 

reflecting layers on disks having identical groove geometry. The disks were then 

mounted on the computer-controlled XZ translation stage at the focus of the objective lens 

(NA = 0.4) in our system. In each case, we measured S by scanning the disks across the 

focused spot in the direction perpendicular to the tracks. The scan length was 3.2 !lm 

(twice the track pitch), taken in 0.05-!lm increments. An image of the baseball pattern 

was acquired at each point, and the integrated irradiances SL and SR were recorded. The 

value of S was then extracted in accordance with Eqs. (5-3) - (5-6). 

For measurements of 1[IIo, a single image was acquired as the disk was made to move 

rapidly across the focused spot. During the time it took the camera to acquire a single 

frame, many tracks were crossed and the averaged baseball pattern, depicted 

schematically in Fig. 5-2(c), was obtained. Our software then divided the baseball pattern 

into the three regions (A, B, and C), as shown in Fig. 5-2(c), and calculated 1/10, 

according to Eq. (5-2). 

The fIrst of the three disks examined contained 11 bands, over which the width and 

depth of the grooves varied. The nominal groove widths ranged from 0.6 !lm at the inner 

diameter to 0.39 !lm at the outer diameter. The nominal groove depths ranged from 154 

run at the inner diameter to 33 nm at the outer diameter. In all 11 bands, the track pitch 

was constant at 1.6 !lm. The results of the measurements of this disk are summarized in 

Figs. 5-6(a) and 5-6(b), which show the effective depths and the effective duty cycles for 

the grooves within each of the 11 bands. Figure 5-6(a) represents the surface-incident 

case, whereas Fig. 5-6(b) corresponds to the substrate-incident case. In each fIgure, the 

circles represent the bare substrate, the squares are used for the aluminized disks, and the 

triangles correspond to gold-coated disks. The fIlled symbols are used when the direction 

of the incident polarization is parallel (II) to the grooves, and the open symbols are 

reserved for perpendicular polarization (.l). In Fig. 5-6(a), the bare substrates (circles) 
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Fig. 5-6. Effective groove depths and effective duty cycles for the various bands of a 
polycarbonate-disk substrate that contains 11 bands: (a) the incident medium is air, and 
(b) the beam is focused through the substrate. The six sets of data shown in each frame 
correspond to a bare polycarbonate substrate (circles), a section of the same substrate 
coated with aluminum (squares), and another section of the same substrate coated with 
gold (triangles). In each case, the incident polarization is either parallel (II) or 
perpendicular (1.) to the grooves. The track pitch was 1.6 !J.m, the wavelength was 0.633 
!J.m, and the NA of the objective lens used in the measurements was 0.4. The actual depth 
and duty cycle of the grooves were constant within each band, but they both decreased 
from the inner to the outer diameter of the disk. The inner diameter corresponds to points 
in the upper right end of each curve. 

exhibit similar effective depths and effective duty cycles for the different polarization 

directions, with the perpendicularly polarized light behaving as though it had struck 

slightly narrower and deeper grooves. When the same grooves are metallicized, 

irrespective of whether the coating is aluminum or gold, a large difference is observed 

between the two incident polarizations. Among other things, metallicized gratings appear 

to have narrower, deeper, or both narrower/deeper grooves when the incident-light 

polarization is perpendicular to the tracks. This is consistent with the perfect-conductor 

predictions mentioned earlier (Kobayashi, 1993). 
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Fig. 5-7. Effective depths and effective duty cycles for a polycarbonate-disk substrate 
that contains six bands when (a) the incident medium is air, and (b) the beam is focused 
through the substrate. The six sets of data shown in each frame correspond to a bare 
polycarbonate substrate (circles), a section of the same substrate coated with aluminum 
(squares), and another section of the same substrate coated with gold (triangles). In each 
case, the incident-light polarization is either parallel (II) or perpendicular (.i) to the 
grooves. The wavelength was 0.633 ~m, and the NA of the objective lens used in the 
measurements was 0.4. The track pitch was constant within each band, but it increased 
from 1.2 ~m at the inner diameter to 1.6 ~m at the outer diameter of the disk. The inner 
diameter corresponds to the points at the right end of each curve. 

The results of through-substrate measurements are summarized in Fig. 5-6(b). Now, 

the grooves appear to have similar effective depths and effective duty cycles for both 

polarizations and all three grating materials. It thus appears that the polarization direction 

has but a small effect on the apparent groove geometry when one looks through the 

substrate. 

The second disk that we examined contained six bands. The track pitch for each band 

increased from 1.2 ~m at the inner diameter to 1.6 ~m at the outer diameter. The nominal 

groove depth was constant in all six bands and was quoted as being approximately 70 nm. 

The groove width was also specified as constant in all of the bands, although its value 
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Fig. 5-8. Effective depths and effective duty cycles for a polycarbonate-disk substrate 
that contains five bands when (a) the incident medium is air, and (b) the beam is focused 
through the substrate. The four sets of data shown in each frame correspond to a bare 
polycarbonate substrate (circles) and to a section of the same substrate coated with gold 
(triangles). In each case, the incident-light polarization is either parallel (II) or 
perpendicular (1..) to the grooves. The track pitch was 1.15 ~m, the groove width was 0.6 
~m, the wavelength of the light was 0.633 ~m, and the NA of the objective lens used in 
the measurements was 0.4. The actual depth of the grooves was constant within each 
band, but it increased from 30 nm at the inner diameter to 60 nm at the outer diameter of 
the disk. The inner diameter corresponds to the points at the lower end of each curve. 

was not available. The results of the measurements on this disk are summarized in Fig. 

5-7 and confirm once again that the difference between the effective groove depths and 

the effective duty cycles for the polarization directions is much larger when the medium 

of incidence is air. Figure 5-7(a) shows that, in the air-incident-medium configuration, 

bare polycarbonate substrates exhibit a slight difference in the apparent groove depth 

between the directions of polarization; a much larger difference is observed when the 

grating is metallicized. 

When the same disk was examined through the substrate [Fig. 5-7(b)], the gap 

between the results for the different polarizations shrank substantially. The measured 



97 

values of the effective depth and effective duty cycle are, for the most part, consistent 

with the nominal values. In the air-incident-medium case, the nominal groove depth of 

70 nm is equal to 0.1lA., which falls roughly between the curves for bare substrates 

(circles). When looking through the substrate, we expect that the grooves should appear 

deeper by a factor of the refractive index of polycarbonate (n = 1.58), namely 0.17A.. In 

Fig. 5-7(b), the groove depth appears to be between 0.17A. and 0.20A.. Note also that all 

the curves in Fig. 5-7 are nearly horizontal, that is, the effective depth is roughly constant 

across the six bands, in agreement with the constant nominal values. 

The third disk that we examined contained five bands with very shallow grooves, i.e. 

the nominal groove depths ranged from 30 run at the inner diameter to 60 run at the outer 

diameter. In all five bands, the nominal track pitch and groove width were constant at 

1.15 and 0.6 ).l.m, respectively. Only gold was used as the metal-coating layer in this case. 

As shown in Fig. 5-8, the results for this disk demonstrate again that the apparent groove 

depth depends only weakly on the state of polarization when the focused beam goes 

through the substrate. 

For the case of an air-incident medium [Fig. 5-8(a)], the effective depths of the bare 

substrate vary from 0.05A. to 0.1 OA. and are consistent with the nominal values of 0.05A. to 

0.09A.. Looking through the substrate [Fig. 5-8(b)], the effective depths are larger by a 

factor of approximately 1.58. In Fig. 5-8(a), the effective duty cycle for the metallicized 

disk seems to vary by as much as 0.1 over the bands. In Fig. 5-8(b), however, it appears 

that both the bare disk and the metallicized disk have a constant duty cycle across the 

bands. 

5.6 Conclusions 

We used two quantities to characterize the tracking performance of a given groove 

structure: (1)~, the phase difference between the periodic signals derived from the left 
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and right halves of the baseball pattern, and (2) 1\/10, the ratio of the power contents of the 

first-order and the zero-order diffractions. A scheme for the measurement of 8 and 1\/10 

from a given baseball pattern was presented. It was then shown that any real groove 

profile can be associated with an equivalent rectangular cross section that produces the 

same 8 and 1\/10• This equivalent-groove geometry serves as the basis for a comparative 

study of the performance of a given grooved structure under different incident 

polarizations. 

Several groove structures were examined, and it was found that, when the incident 

medium is air, the apparent depths and duty cycles of the grooves differ for the two 

incident polarizations. (The differences are fairly small when the polycarbonate substrate 

on which the grating is stamped is uncoated.) When the beam is incident through the 

substrate, we found the apparent depths and duty cycles of the grooves to be nearly the 

same for both polarization directions, irrespective of whether or not the grating was 

metallicized. 

5.7 Summary 

In optical disk data storage systems, the signal that provides tracking information is 

dependent on the groove shape, the optical constants of the materials involved, and the 

polarization state of the incident light. In this chapter, we show that the tracking signals 

can be described by two measurable quantities, both of which are largely independent of 

aberrations in the optical system. Using these two quantities, we match the tracking 

performance of a given disk to an equivalent disk having rectangular grooves - the 

adjustable parameters being the rectangular groove depth and the duty cycle. By 

assumption, these rectangular grooves modulate only the phase of the incident beam and 

disregard its state of polarization. The effective groove depth and the duty cycle thus 
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become dependent on the polarization state of the incident beam. We examine these 

dependences for various disks having different groove geometries and different 

combinations of materials. 
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CHAPTER 6 

TILT CORRECTION IN AN OPTICAL DISK SYSTEM 

6.1 Introduction 

In an optical disk system, a laser beam is brought to focus through the transparent 

disk substrate, interacts with the data stored on the disk (in the form of pits, marks, 

magneto-optical domains, etc.), and is reflected back through the same objective lens that 

is used for focusing. Since dust particles and scratches on the disk surface can have 

dimensions on the order of the focused spot size, the beam is usually brought to focus at 

the rear surface of the disk substrate, ensuring that any surface defects will be out of focus 

with respect to the storage layer. The spherical aberration caused by focusing through the 

substrate is generally corrected by the objective lens. 

Typically, the disk is not perfectly flat, and any local deviations from flatness appear 

as a slight tilt of the front facet relative to the incoming beam. The effect of this disk tilt 

is a degradation of the focused spot quality and thus a drop in the carrier-to-noise ratio 

during readout, an increase in cross-talk and intersymbol interference, and a reduction in 

recording sensitivity. 

In this chapter we propose a system that detects the amount of disk tilt and 

automatically corrects for its effects on the focused spot. We demonstrate the feasibility 

of the system using a static system, in which the optical disk does not spin. 

6.2 Experimental Setup 

The optical system used in this study and shown in Fig. 6-1 is designed to photograph 

the irradiance distribution both at the focal plane of the objective lens and at its exit pupil. 
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Fig. 6-1. Schematic diagram of the experimental setup used to photograph both the 
focused spot at the rear surface of the optical disk and the irradiance distribution at the 
exit pupil of the objective lens. 

A 2-mW He-Ne laser with a wavelength of 0.633 Ilm is used as the light source, with its 

polarization axis aligned parallel to the surface of the optical table. The beam passes 

through a variable attenuator, a spatial filter, and a collimating lens to emerge as a 

collimated beam. The beam uniformly fills the entrance pupil of the objective lens 

(which is corrected for the substrate thickness) and is focused onto the optical disk. The 

disk is mounted on a two-axis tilt stage, permitting tilts of up to several degrees in 

increments as fine as 0.25 rnrad. The tilt stage itself is mounted on an XZ translation 

stage, which is used to place the disk at best focus and to enable the beam to walk across 

the tracks. 

The microscope assembly shown behind the disk can reimage the focused spot at the 

rear surface of the disk onto a ceo camera, provided that the disk is transparent. A pair 

of relay lenses in the return path is used to image the exit pupil of the objective onto 

another CCO camera. The video signals from the cameras are fed to a frame-grabber 

card, which can acquire and store a series of images. In this manner, we observe the 
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effect of disk tilt both on the focused spot 

directly, and on the irradiance pattern at 

the exit pupil of the objective lens (which 

Disk is often called the baseball pattern, and is 

Objective Lens 

Fig. 6-2. Schematic diagram showing the 
method of detecting the amount of disk tilt. 
The reflection from the front surface of the 
disk is reimaged onto a quadrant detector. 

used in disk drives to obtain focusing and 

tracking error signals). 

6.3 Detecting Disk Tilt 

A schematic diagram for a subsystem 

that detects the amount of disk tilt is 

shown in Fig. 6-2. In a typical optical 

disk drive, a collimated beam of light 

enters the objective lens, is focused to the 

rear surface of the disk, returns through 

the lens, and emerges as a collimated beam. Often, the light reflected from the front facet 

of the disk, which contains about 5% of the total incident power, is ignored. However, if 

we image the front surface of the disk onto a detector, as shown in Fig. 6-2, we obtain a 

focused spot that translates in proportion to the disk tilt. Thus, by focusing the reflected 

light from the front facet of the disk onto a quadrant detector, we can detect the amount of 

disk tilt in two orthogonal directions. 

To a fust order of approximation, the reflection off the front facet will converge to a 

point located a distance of tin in front of the surface, where t is the thickness, and n is the 

refractive index of the substrate. The diameter of this focused spot, which is severely 

aberrated, is about 10 J.lm (compared to - 1 J.lm for an unaberrated spot). A disk tilt of a 

radians will translate this focused spot a distance of 2atln. For a 1.2-mm-thick 
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polycarbonate substrate with a refractive index of 1.57 and a tilt tolerance of 5 rnrad, the 

focused spot arising from the front-surface reflection will translate by as much as 7.6 Jlm 

in various directions. If this spot is reimaged with optics that correct for its aberrations, 

after proper normalization to account for magnification, the spot diameter will decrease 

while the spot translation will remain the same. Naturally, the amount of translation at 

the quadrant detector will depend on the magnification of the imaging optics. 

A potential problem with this tilt detection scheme is that the method of using the 

front facet reflection requires that the distance between the objective lens and the 

quadrant detector remain constant. In many oftoday's disk drives a split head is used, in 

which the distance between the objective and the detection optics varies as the focused 

spot is moved radially across the disk. Clearly, it is possible to calibrate the quadrant 

detector system to account for the changing optical path length in the split head design. If 

we assume that the disk thickness is 1.2 mm, the focal length and numerical aperture of 

the objective are 4 mm and 0.55 respectively, then to a fIrst order approximation, the 

front facet reflection will appear as a severely aberrated point source located 2.67 mm 

behind the objective, radiating into an effective numerical aperture of 0.33. Let us then 

assume a split head design in which the distance between the objective and the front-facet 

imaging lens is varied between 20 mm and 45 mm (the distances corresponding to the 

inner and outer diameters of a 3~-inch disk). If the imaging lens has a diameter of 15 

mm, then the power collected at the outer diameter will be one-fourth of that collected at 

the inner diameter. The magnification of the spot translation at the quadrant detector will 

be 2.25 times larger at the outer diameter than at the inner diameter. These variations 

from inner to outer diameters can be calibrated as a function of tracking position and then 

removed from the tilt servo signal. 
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(a) (b) (c) 

Fig. 6-3. Three possible schemes for maintaining a constant distance between the 
objective and the lens that images the front-facet reflection onto the quadrant detector. 
Each scheme shown should be incorporated into the movable part of a split-head. 

In addition to the above, there are several options to overcome this variation of 

distance problem, and Fig. 6-3 shows schematic diagrams for three such possibilities. 

Figure 6-3(a) employs a specially-coated beamsplitter, in which the coating has a high 

reflectance over the footprint of the collimated beam. The diverging beam is thus split 

off from the collimated beam, then brought to a fccus at the quadrant detector by a lens 

attached to the cube. Figure 6-3(b) uses a similar concept, but the separation of the two 

beams is accomplished by a plane mirror that has a hole slightly larger than the size of the 

collimated beam. In Fig. 6-3(c), the two beams are separated by a Fabry-Perot thin film 

stack in the beamsplitter closest to the objective; the stack passes incident light that has a 

45° incident angle on the stack and reflects everything else. Due to the high divergence 

angle of the front facet reflection, most of the front facet light will be reflected by this 

beamsplitter, which can then be focused onto a quadrant detector. 

It is also possible to detect the tilt directly from the baseball pattern. Figure 6-4 

demonstrates that a sufficient number of detectors can extract from the baseball pattern a 

tilt signal that yields not only the magnitude but also the orientation of the tilt [see 

Section 1.6]. 
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(b) 

Fig. 6-4. Calculated pictures of the focused spot at the rear surface of the optical disk 
(top row) and the corresponding irradiance distribution at the exit pupil of the objective 
lens (bottom row). From left to right, the amounts of third-order coma are 0 waves, 0.2 
waves, 0.4 waves, 0.6 waves, 0.8 waves, and 1.0 wave. The direction of the disk tilt is 
about an axis (a) parallel and (b) perpendicular to the grooves. These cases are 
commonly known as (a) radial tilt, and (b) tangential tilt. The wavelength of the incident 
light is 0.633 J,Lm, the NA of the objective is 0.6, the pupil diameter of the objective is 4 
mm, and the track pitch of the disk is 1.15 !lm. 

6.4 Effect of Disk Tilt 

A tilt of the disk will produce aberrations in the beam, primarily coma with a small 

amount of astigmatism. A list of the various aberrations induced by a tilted parallel plate 

on a converging beam is given in the appendix (Smith, 1990; Welford, 1986). 

Figure 6-4 shows the calculated effect of coma on both the focused spot and the 

baseball pattern. The calculations were performed by the program DIFFRACT 



;. = 0.633 ~m. 
uniform 

illumination 

0.6NA 
objective lens 

" 
~ 

~ 

1.2 mm thick 
polycarbonate disk; 
1.15 ~m track pitch; 

tilts by various amounts y 
----~'CJ 
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(Mansuripur, 1989; Mansuripur, 1990), 

which is based on a quasi-vector 

diffraction theory. (See the caption for a 

description of the simulated system.) The 

focused spot shows the expected 

spreading of the light in the direction of 

the tilt. The baseball patterns show 

elliptical shapes for the case of radial tilt, 

and a cross pattern for tangential tilt [see Chapter 3]. The tilt tolerance for optical disks is 

±5 mrad (±0.3°), corresponding to ±0.25 waves of primary coma for a 1.2-mrn-thick 

polycarbonate substrate at an NA of 0.55 and a wavelength of 0.78 f..l.m. Figure 6-4 shows 

that any tilt beyond the tolerance limit degrades not only the focused spot, but also the 

high-contrast regions in the baseball pattern. 

Figure 6-5 shows a close-up of the disk and the objective within the setup used to 

demonstrate the effect of disk tilt. We use a red He-Ne laser (A. = 0.633 f..l.m), a 0.6 NA 

objective, and a grooved 1.2-mm-thick polycarbonate substrate having a track pitch of 

1.15 f..l.rn. Figure 6-6 shows the experimental verification of the predictions in Fig. 6-4; 

excellent agreement was obtained between theory and measurement. A small amount of 

astigmatism appears to be present in the focused spots of Fig. 6-6; we attribute this to the 

vertical birefringence of the polycarbonate substrate. 

6.S Correcting for Disk Tilt 

Since the primary effect of disk tilt is the addition of coma to the beam, we may 

correct for this defect by introducing an equal but opposite amount of coma on the 

incident beam. This is accomplished by tilting the corrector plate within the correction 
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Fig. 6-6. The measured focused spot at the rear surface of the optical disk (top 
row) and the corresponding irradiance distribution at the exit pupil of the 
objective lens (bottom row). From left to right, the amounts of uncorrected disk 
tilt are 0 mrad, 2.5 mrad, 5 mrad, 7.5 mrad, and 10 mrad, corresponding to 
amounts of third-order coma of 0, 0.2 waves, 0.4 waves, 0.6 waves, and 0.8 
waves. The direction of the disk tilt is about an axis (a) parallel and (b) 
perpendicular to the grooves. These cases are commonly known as (a) radial tilt, 
and (b) tangential tilt. The wavelength of the incident light is 0.633 !lm, the NA 
of the objective is 0.6, the pupil diameter of the objective is 4 mrn, the thickness 
of the substrate is 1.2 mrn, and the track pitch is 1.15 !lm. 
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module shown in Fig. 6-1 [see also Fig. 6-7 for a close-up of the corrector module]. By 

tilting the corrector plate in the same direction as the disk tilt, it is possible to cancel the 

coma induced by the disk substrate. 

The amount of tilt a required of the corrector plate is given by 
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a CO" _ ( JCO" Y (dislc 

a dislc -l JObj) (co".' 

(6-1) 

where Iobj and !carr are the focal lengths of the objective lens and the secondary lens (the 

lens immediately preceding the objective in Fig. 6-7), (disk and (carr are the disk and 

corrector plate thicknesses, and adisk and a corr are the disk and corrector plate tilts. 

Note that the important parameters are the focal lengths of the two lenses, not their 

numerical apertures. If the two lens pupils happen to have different diameters, the 

objective lens will either be overfilled or underlilled; in either case, the full numerical 

aperture of one of the lenses will not be used. 

The characteristics of the various lenses used in this experiment are shown in Fig. 6-7. 

In order to achieve a small focused spot, it was important to utilize the full aperture of the 

objective lens. Therefore, we chose a secondary lens with a slightly larger pupil than that 

of the objective, and overfilled the objective. Similarly, we overfilled the secondary lens 

by using a higher numerical aperture tertiary lens (this is the lens placed before the 

corrector plate). The tertiary lens in our system corrected for the cover glass, but it would 

be equally valid to have the secondary lens correct for this cover glass. 

The photographs in Fig. 6-8 demonstrate that the substrate-induced coma, 

corresponding to 7.5 mrad of tilt, can indeed be canceled. At best correction [the 
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Fig. 6-7. Close-up of system that shows the 
effects of the tilt correction module on the 
focused spot and the irradiance distl:~bution 
at the exit pupil of the objective lens. 

rightmost set of pictures], the focused 

spot exhibits four dark spots in the first 

ring, characteristic of the diffraction 

pattern at best (medial) focus in the 

presence of a small amount of 

astigmatism. As before, we attribute the 

astigmatism to the vertical birefringence 
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Fig. 6-8. The measured focused spot at the rear surface of the 
optical disk (top row) and the corresponding irradiance distribution 
at the exit pupil of the objective lens (bottom row). In all pictures, 
the disk is tilted by 7.5 mrad. From left to right, the tilt of the 
corrector plate is 0 mrad, 3.75 mrad, 7.5 mrad, and 11.25 mrad. 
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of the 

polycarbonate 

substrate. The 

corrected baseball 

patterns closely 

resemble the 

unaberrated 

baseball patterns in 

Fig. 6-6 [leftmost 

pictures]. 

6.6 Conclusions 

Using a tilt 

correction module 

consisting of a pair 

of lenses and a 

corrector plate 

(essentially a 

"coma generator"), 

The directions of both the disk tilt and the corrector plate tilt are 
about an axis (a) parallel and (b) perpendicular to the grooves. 
These cases are commonly known as (a) radial tilt, and (b) 
tangential tilt. The wavelength of the incident light is 0.633 J,lm, we 
the NA of the objective is 0.6, the pupil diameter of the objective is 

have 

4 mm, the track pitch of the disk is 1.15 J,lm, and the thicknesses demonstrated the 

both the disk and corrector plate are 1.2 mm. 
possibility of 

compensating for the effects of disk tilt in optical disk data storage. By tilting the 

corrector plate in the same direction as the disk substrate, we introduce an equal but 

opposite amount of coma as that produced by the disk substrate. 
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In an optical disk drive, where the light source is a laser diode, the corrector plate may 

be placed between the laser and its collimating lens in order to generate the required 

coma. 

Finally, let us emphasize that we have not incorporated these ideas into a dynamic 

system yet; the detection and correction schemes were demonstrated using a static system 

in which the disk does not spin. Therefore, there may be some practical problems of 

which we are not aware at this point. 

6.7 Summary 

A servo system for the correction of disk tilt in optical disk data storage is proposed, 

and its basic concepts are demonstrated using a static system in which the disk does not 

spin. Since disk tilt produces primarily coma in the beam focused onto the disk, the 

system uses a "variable coma generator" to produce an equal and opposite amount of 

coma as that caused by the tilted disk. The magnitude and direction of disk tilt are 

detected using the light reflected from the front facet of the disk substrate. 



CHAPTER 7 

A VERSA TILE OBJECTIVE LENS FOR TESTING OF OPTICAL 

DISKS WITH ADJUSTABLE CORRECTION FOR DIFFERENT 

WA VELENGmS AND SUBSTRATE TIDCKNESSES 

7.1 Introduction 

III 

In an optical disk system, a laser beam is brought to focus through the transparent 

substrate of the disk. interacts with the data stored on the disk (in the form of pits. marks. 

magneto-optical domains. etc.), and is reflected back through the same objective lens that 

is used for focusing. Since dust particles and scratches on the disk surface can have 

dimensions on the order of the focused spot size. the beam is usually brought to focus at 

the rear surface of the substrate, ensuring that any surface defects will be out of focus with 

respect to the storage layer. The spherical aberration caused by focusing through the 

substrate is generally corrected by the objective lens. 

Future generations of optical disk systems will undoubtedly use a shorter wavelength 

light source, which would increase the areal density of stored data. Density varies as 

NA2f')..,2. where A. is the wavelength of the light and NA is the numerical aperture of the 

objective lens. In addition. future disks may be thinner than the current 1.2 mm standard. 

in order to ease the tolerance on disk flatness. (The acceptable amount of disk tilt varies 

as JJ(t·NA3). where t is the disk thickness.) The objective lens is typically an aspheric 

singlet. which has a small mass and is easily mounted in actuators that move it at high 

speed. as required in an optical disk drive. Unfortunately, available lenses are only 

designed for use with one wavelength and one substrate thickness. 
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Since the actual wavelengths and substrate thicknesses of future optical storage 

systems are as yet undetermined. it is desirable to have disk testers that can operate within 

a broad range of wavelengths and substrate thicknesses. The scheme described in this 

chapter will enable testing of disks with wavelengths between 0.4 !lm and 0.7 !lm. and 

substrate thicknesses below 1.7 mm. simply by turning the adjustable collars on a pair of 

microscope objectives. In our system. the only element that moves in response to 

focusing and tracking signals is an aspheric singlet. which is readily available in current 

off-the-shelf optical heads. 

7.2 Motivation 

There are commercially-available microscope objectives that contain an adjustable 

collar for correcting a variety of cover glass thicknesses. For example. Olympus 

manufactures an objective lens having an infinite conjugate ratio. a numerical aperture of 

0.6. that is capable of correcting for a cover glass thickness in the range of 0.7-1.7 mm. 

(A screw-on cap changes the range of allowed thicknesses to 0-1 mm, if it is so desired.) 

Since these lenses are corrected over a large field of view, and operate within a wide range 

of wavelengths, they are ideal for use in optical disk testers. However, they are far too 

massive to be mounted in actuators designed to move rapidly in order to keep the lens a 

fixed distance away from the spinning disk and always on track. 

Since it is quite difficult to build an actuator to move the microscope objective, we 

resorted to the following roundabout scheme. A commercially available aspheric singlet. 

designed for operation at 0.78 Jl.ffi, was used to focus the incident laser beam to a slightly 

aberrated spot. Aberrations occur due to the fact that the singlet is used at a wavelength 

different from its design wavelength. The collar of one of the microscope objectives was 

adjusted to compensate for the aberrations of the singlet. The other microscope objective 



113 

was used to focus the recollimated beam through the optical disk substrate. and its collar 

adjustment corrected for the substrate thickness within the available range. We imaged 

the exit pupil of one microscope objective onto the entrance pupil of the other. using a 

pair of achromats. This system enabled us to move the singlet by as much as ±lOO !lID in 

both the axial and radial directions with no appreciable aberrations in the focused spot at 

the rear surface of the disk. We thus concluded that it is possible to move the singlet in its 

actuators in order to perform focusing and tracking functions. even though the beam 

passes through several intermediate lenses between the singlet and the disk. 

7.3 Experimental Setup 

A schematic diagram of our experimental setup is shown in Fig. 7-1. Anyone of three 

gas lasers was available for use as a light source - two He-Ne lasers (with wavelengths of 

0.633 Ilm and 0.544 Ilm). and a He-Cd laser (with a wavelength of 0.442 Ilm). The beam 

from the laser was passed through an attenuator. a spatial filter. and a collimating lens to 

emerge as an aberration-free beam with an irradiance profile that was uniform over a 10 

mm aperture. The beam was brought to a slightly aberrated focus by an aspheric singlet 

(designed for use at 0.78 J.lID). passed through a corrector plate. and was recollimated by a 

microscope objective with an adjustable collar that corrects for any spherochromatism 

caused by using the singlet at the wrong wavelength. The corrector plate is needed 

because both the asphere and the microscope objective are designed to focus through a 

cover glass. The cover glass we used was 2.2 rom thick. the asphere was designed to 

focus through 1.2 rom of glass. and the microscope objective was adjusted about a 

nominal setting of 1.0 mm until the emergent beam had no spherical aberration. (The 

emergent beam was tested with a shear plate.) 
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Fig. 7-1. Schematic diagram of the experimental setup. The optical disk is mounted on a 
translation stage with its direction of travel parallel to the optical axis, and the aspheric 
singlet is mounted in a three-axis translation stage. All other components are mounted in 
two-axis tilt stages with no translation capabilities. 

Next, the beam passed through a pair of relay lenses, each being a 25 mm-diameter 

cemented doublet with a focal length of 75 mm. The relay lenses were arranged in the so-

called "four-f' configuration, imaging the pupil of one microscope objective onto the other 

while keeping the beam collimated. The beam then passed through a second microscope 

objective and was brought to focus at the rear surface of a glass disk with a thickness of 

1.0 mm. In order to observe the quality of the focused spot, a microscope assembly was 

used to image the spot onto a CCD camera with a 100x, 0.95 NA objective, working at 

tinite conjugates. 

In the return path of the beam (i.e., upon reflection from the disk). two additional relay 

lenses were used to image the exit pupil of the asp here onto another CCD camera; in the 

jargon of optical data storage, the irradiance pattern in the pupil of the asp here is usually 

referred to as the "baseball pattern" and is used to generate a push-pull tracking signal for 

the optical drive. 
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7.4 Justification 

Let us consider a simple aspheric lens, similar to those typically used as the objective 

lens in optical disk drives. These asp heres are designed to focus a collimated beam to a 

diffraction-limited spot, and are designed to work primarily on-axis. If the incident beam 

is decollimated, the focused spot will shift by an amount ()z, as shown in Fig. 7-2(a). It 

has been shown experimentally that the amount of spherical aberration in the focused spot 

is directly proportional to the displacement ()Z (Mushiake, 1993). A simulated result is 

shown in Fig. 7-2(b) for a typical asphere. The calculations were performed by the lens 

design program ZEMAX, and show the Zernike term 28 (corresponding to spherical 

aberration with defocus) as a function of displacement ()z. The slope of the Z8 vs. ()Z 

curve varies from one lens design to another. two different lenses with identical properties 

at their design conjugates may behave quite differently if used at the wrong conjugates. 

The design of our system uses a pair of identical microscope objectives placed back

to-back with their pupils superimposed. Light from a point source placed at the focal 

point of one of the lenses will emerge from the first lens collimated and will be brought to 

a focus at the focal point of the second lens. In this configuration, the two microscope 

objectives act like a 1: I imaging system, where a small displacement of the source results 

in a corresponding displacement of the image. Using the sign convention of Fig. 7-2(a), 

the two lenses see equal but opposite displacements, ()Z and -()z. Since the induced 

spherical aberration is a linear function of the displacement ()z, these aberrations exactly 

cancel each other. 

The off-axis performance of such a lens configuration depends on the field of view of 

the microscope objectives, which is somewhat greater than the ±100 !lIIl range required 

for tracking on optical disks. For off-axis performance, it is important that the pupils of 

the microscope objectives be superimposed. For our objectives, the pupils were not 
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Fig. 7-2. (a) Definition of oz, the 
displacement along the optical axis of the 
focused spot, caused by decollimating the 
incident beam. (b) Calculated plot of the 
Zernike Z8 aberration coefficient versus 
displacement oz for a typical aspheric singlet 
The lens is manufactured by Geltech, part 
number 350080. The calculations were 
performed at the design wavelength of 0.83 
flm. 
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directly accessible, so it was necessary to 

use a pair of relay lenses to image one 

onto the other. 

Since this technique is based on 

symmetry, it is important to note that the 

two microscope objectives must be 

identical. Two different lenses may show 

different behaviors as far as spherical 

aberration vs. displacement is concerned, 

and will therefore exhibit residual 

aberrations if used in this back-to-back 

configuration. 

7.5 Experimental Results 

Once the correct distances between 

the relay lenses and the microscope 

objectives were established (in order to 

properly image one pupil onto the other), 

it was observed that there wa<; virtually no 

field-dependent coma in the focused spot 

over a large range of focal displacements. 

With incident light at a wavelength of 

0.633 /lffi, Fig. 7-3 shows pictures of the 

focused spot under two different circumstances. In (a) the focused spot is on axis and at 

the nominal focal plane, while in (b) the source has been shifted 100 flm off-axis and 
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(a) (b) 

Fig. 7-3. The focused spot at the rear surface of the optical disk. The wavelength of the 
incident light is 0.633 JlIIl. (a) The beam is focused by the aspheric singlet in the nominal 
focal plane and is on-axis. (b) The focused spot is translated 100 !lm along the optical 
axis and another 100 off-axis. 

another 100 JlIIl away from the focal plane. The diameter of the first ring in the diffraction 

pattern is consistent with the predicted value of 1.22JJNA, where the numerical aperture 

(NA) of the system is that of the aspheric singlet. or 0.55. We see virtually no coma in the 

off-axis focused spot, and a very small amount (-JJ25) of astigmatism in the four-fold 

symmetric pattern within the ftrst dark ring. 

Figure 7-4 shows the irradiance distributions at the exit pupil of the asphere (i.e. the 

"baseball pattern"), for the cases corresponding to (a) and (b) of Fig. 7-4. There is 

virtually no change in the quality of the baseball pattern as we shift the focal plane and 

move off-axis. Since the push-pull tracking error signal (TES) is derived directly from the 

baseball pattern, one should be able to obtain a high-quality TES even in the presence of 

large axial and radial runouts of the disk. 
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(a) (b) 

Fig. 7-4. The irradiance distribution at the exit pupil of the objective lens. The 
wavelength of the incident light is 0.633 J.LIIl. (a) The beam is focused by the aspheric 
singlet in the nominal focal plane and is on-axis. (b) The focused spot is translated 100 

the . axis and another 100 off-axis. 

To demonstrate that the technique works at wavelengths significantly different from 

the design wavelength of the singlet (0.78 J.LIIl). pictures of the focused spot were also 

taken using incident light with wavelengths of 0.544 J.LIIl [Fig. 7-5] and 0.442 JlIll [Fig. 7-

6]. As in Fig. 7-3. the spot sizes in Figs. 7-5 and 7-6 are consistent with the diffraction 

limit. and there are no perceptible deteriorations of the spot quality caused by field

dependent aberrations. For the case depicted in Fig. 7-6. a slight adjustment of the collar 

of the microscope objective closest to the disk was required. changing the disk thickness 

correction from 1.00 mm to 0.94 mm. This correction is apparently all that is needed to 

compensate for the spherochromatism of the singlet. 

Finally. to show that the technique is capable of correcting for various disk 

thicknesses. Fig. 7-7 shows pictures of the focused spot. taken with a disk substrate 

thickness of 0.67 mm. After the replacement of the 1.0 mm-thick disk. the only 

adjustment made in the system was a change of the collar setting on the lens closest to the 
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(a) (b) 

Fig. 7-5. The focused spot at the rear surface of the optical disk. The wavelength of the 
incident light is 0.544 Ilffi. (a) The beam is focused by the aspheric singlet in the nominal 
focal plane and is on-axis. (b) The focused spot is translated 100 Ilffi along the optical 
axis and another 100 off-axis. 

disk from 1.00 rnrn to 0.67 rnrn; no adjustment of the other lens or of the corrector plate 

was necessary, nor was the replacement of any lenses. As before, Fig. 7-7(a) shows that 

the focused spot is diffraction-limited when the source is on axis and at the nominal focal 

plane. Similarly, Fig. 7-7(b) corresponds to the case when the source is shifted 100 11m 

off-axis and another 100 Ilffi away from the focal plane of the first microscope objective. 

The small amount of coma seen in these pictures is due to a slight tilt of the disk. 

The power transmission factor for each element was measured at 0.633 flIll. Each 

microscope objective transmits 90% of the incident light, the relay lenses transmit 98% 

each, and the corrector plate transmits 85%. The net power transmission of the system is 

therefore about 66%. The lossiest element in the system is our corrector plate, which 

actually consists of two uncoated 1.1 mm-thick glass plates in contact. each plate losing 

4% of the incident light at each surface. If we replace this uncoated cover glass with a 
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(a) (b) 

Fig. 7-6. The focused spot at the rear surface of the optical disk. The wavelength of the 
incident light is 0.442 Ilffi. (a) The beam is focused by the aspheric singlet in the nominal 
focal plane and is on-axis. (b) The focused spot is translated 100 Ilffi along the optical 
axis and another 100 off-axis. 

single 2.2 mm-thick piece of glass with anti-reflection coating on both sides. its 

transmission factor will rise to about 98%. and the overall transmission factor will reach 

76%. This would then represent a power loss of 24% after the aspheric singlet. 

7.6 Conclusions 

The problem examined in this study was that a typical aspheric singlet used as the 

objective lens in an optical disk tester will not perform adequately at different wavelengths 

or at different disk thicknesses, due to spherochromatism. Using a pair of identical 

microscope objectives with adjustable collars and a pair of relay lenses, we have 

constructed a system in which a diffraction-limited spot can be moved ±IOO Ilm in both 

the focus and track directions, simply by moving an aspheric singlet mounted in an off-the

shelf optical head. The system uses one of the adjustable collars to correct for the 
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(a) (b) 

Fig. 7-7. Same as Fig. 7-3, but the optical disk is replaced with a cover glass with a 
thickness of 0.67 mm. 

spherochromatism caused by using the singlet at a wavelength other than its design 

wavelength. The other adjustable collar is used to correct for various substrate 

thicknesses in the range of 0.7-1.7 mm. (A different screw-on cap for the microscope 

objectives can change the range of feasible thicknesses to 0-1 mm, so that the same system 

may be used for air-incidence configurations as well.) 

The system demonstrated here was able to operate in a range of wavelengths between 

0.442 11m and 0.633 /lffi, and a range of disk thicknesses between 0.67 mm and 1.0 mm. 

(The aspheric singlet was designed for use at 0.78 /lffi.) We believe, however, that the 

actual range of feasible wavelengths is wider than we could examine here, and that it 

includes at least the entire visible range (0.4 - 0.7 ~m) for which the microscope objectives 

were designed. 

Fmally, note that this system is compatible with the tilt servo system described in 

Chapter 6. In that system, a focused beam passes through a corrector plate and is 
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recollimated before it reaches the objective. The corrector plate is mounted in a servo

controlled two-directional tilt stage. which can induce a controllable amount of coma on 

the beam and compensate for any aberrations induced by the disk tilt. Such a tilt 

correction system can be implemented on the focusing and tracking scheme proposed in 

this chapter by mounting the corrector plate shown in Fig. 7-1 on a tilt stage. 

7.7 Summary 

A typical aspheric singlet used as the objective lens in optical disk data storage systems 

will not work at different wavelengths or with different substrate thicknesses. due to 

spherochromatism. Using two microscope objectives with adjustable collars and a pair of 

relay lenses. we have constructed a system in which a diffraction-limited spot of any 

wavelength in the range of 0.4 /..lm - 0.7 /..lm can be moved by as much as ±IOO Jlm in both 

the focusing and tracking directions. This is accomplished by simply moving an aspheric 

singlet mounted in an off-the-shelf optical head. The system uses the adjustable collars of 

the microscope objectives to correct for the spherochromatism of the singlet. and to 

accommodate the various thicknesses of the substrates. 



123 

APPENDIX 

WAVEFRONT ABERRATIONS CAUSED BY A TIL TED 

PLANE PARALLEL PLATE ON A CONVERGING BEAM 

y 
Consider a lens of numerical aperture NA, whose exit 

pupil is located in the X-Yplane, as shown in Fig. A-I. 

The beam is focused 

NA = sin u 

through a plane parallel 

plate of thickness t and 

refractive index n, 

which is tilted around 

the X-axis through the 
Fig. A-I. Schematic diagram 
showing the geometry angle u. The points 
involved in the calculations of 
the wavefront aberrations due 
to a tilted plane parallel plate. 
The exit pupil of the focusing 
lens is located in the X-Y 
plane, and the disk is tilted by 
u in the positive Y-direction. 

within the exit pupil of 

the lens are described by 

a nonnalized radius p 

and an azimuthal angle 

e, as shown in Fig. A-2. 

It will be assumed that the lens is aberration-free if used 

in air, and the aberration coefficients given here will be 

due to both the thickness and tilt of the plate. 

The aberrations caused by the plate may be described 

in tenns of equivalent wavefront aberrations at the exit 

pupil of the lens. In other words, the total wavefront 

y 

Fig. A-2. Nonnalized pupil 
coordinates. Note that these 
are the coordinates generally 
used in geometrical optics, 
not the standard set of 
cylindrical coordinates. 

y 

Positive W 

Exit pupil 
plane 

Aberrated wavefront 

Fig. A-3. Sign convention 
for the wavefront aberration 
w. 
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I Coefficient Contribution from tilted plate ~~~n I 
fIOIIlOPti~ 
disk (waves) 

Woo piston 

W20 defocus (I I) 2 -125.5 t --+- NA 
2 2n 

Wll tilt {1-;)NACl 2.09 

W40 3rd order spherical aberration (I I) 4 
t - 8n + 8n1 NA 

-11.7 

W31 3rd order linear coma ( I I) 1 0.389 t --- NACl 
2n 2n1 

Wn 3rd order astigmatism C I 3) '2 -0.0033 t ---+-1 NA-Cl 
4 n 4n 

W60 5th order spherical aberration (I I I) 6 
t 16n - 8n1 + 16ns NA 

1.26 

WS1 5th order linear coma (I I 3) s 0.0071 t --+--- NA Cl 
8n 2n1 8ns 

W42 5th order astigmatism {- 4!1 + 4!S }VA
4
Cl 2 

-7.0xlO-4 

W33 elliptical coma (2 II I) 11 -6 
1--+--- NA Cl 3.5xlO 

9n 9n1 nS 

Wso 7th order spherical aberration (5 15 15 5) 8 1---+------+-- ~ 
128n 128n1 128ns 128n' j 

-0.170 

WIOO 9th order spherical aberration (7 7 21 7 7) 10 0.0257 1 -----+-----+-- NA 
256n 64n1 128ns 64n' 256n 9 

Table A-I. 

aberration W(p, e) gives rise to the same deformations in the wavefront as those caused 

by the plate. We choose a positive value of W to lie toward the focused spot, as indicated 

in Fig. A-3. W(p, 8) may be decomposed into a series of terms, each corresponding to a 

specific aberration, as follows: 

w( p,e) = Woo 
+Jt;o p2 + W.I p cose 

rrr 4 w: 3 8 w: ~ , e +"40 p + 31 P COS + 22 p- cos-

+~o p6 + Wsl p5 cose + ~2 p4 cos2 e + ffi';3 p3 cos3e 

+ ... 

(A-I) 

Table A-I lists some of the more important aberrations, their names, and their 

contributions to the total wavefront aberration caused by a tilted optical disk substrate. 



Fig. A-4. Schematic diagram 
showing the quantities used in the 
derivation of the terms in Table A-I. 

The optical disk 

has a refractive 

index n of 1.58, 

a tilt a. of 5 
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R 

Fig. A-5. Geometry of the 

mrad, and a ray displacement vector, D. 
The angle of incidence is l. 

thickness t of 

1.2 mm (or 1900"-0 at 1..0 = 0.633 /-lm). It is 

further assumed that the disk operates within a 

R is a unit vector along the path of a drive that uses a 0.6 NA objective lens. Aside 

given ray, if is a unit vector oriented 
perpendicular to the parallel plate, a 
is the tilt along the y-axis of the plate, 

is the focal length of the lens, t is 
the plate thickness, n is the refractive 
index of the plate, and r and e locate 
a coordinate in the pupil. 

follows. 

from tilt and defocus, we note that the significant 

terms for the operation of an optical disk are 

spherical aberrations (up to ninth-order) and 

third-order linear coma. 

The derivation of the terms in Table A-I now 

Tilt the parallel plate by an angle a along the y-direction, and defme its surface normal, 

N: 

N = (-sina)ji + (cosa )2 (A-3) 

Use a well-known expression for the lateral displacement D of a beam produced by a 

plane parallel plate: 

I I 
( 1- sin2 I I n = t sin {1- n2 _ sin2 I j 

Note that cos I = R . if, and rewrite Inl: 

(A-4) 



l':t I 
~, "'Z) 

Fig. A-6. Geometry of 
the transverse ray 
aberration r:.- • 

( 

I 
113I=t~l-{R.NVll-

l 
The direction of 13 is 

A N-{R.N}R 
D=-;===== 

~1-{R.N}2 

The lateral displacement vector D is then 
( 1 
1 1 

- I rJ All ~ A (A A) A) D = LlID = 111- 1 ~ N - R· N R 

l n- 1 J 
l+(RoNV 

From geometry [see Fig. A-6], the transverse ray error r:.- is 

- D·Z A 

r:.-=D--A-R 
R·Z 

Substitute Eq. (A-7) into Eq. (A-8)and get: 
( I 
1 1 

1 1 JAN oZ AJ r:.-=/ll- N--;;--;:R l 1+(;:~;2 R·z 

Substitute Eqs. (A-2) and (A-3) into Eq. (A-9) and get 

( i 
1 1 1 

r:.- = tll- -;========= 1 

( 1 )( 1 1) . 
1 n- -1 r- + 1- 1 

l 1 + 1 ) (I casa + r case sina)-

(; sin9 cosa )x +(; cos9 cosa - sina } J 
Substitute pNA for rlf 
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(A-5) 

(A-6) 

(A-7) 

(A-8) 

(A-9) 

(A-lO) 
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I 
I 

(n 2-I)(NA2p2+I) J 
1+ 2 

(cosa + NAp case sina ) 

1 I 

(A-II) 

((NAp sine cosa )x+(NAp case cosa -sina ).9) 

The rest of the derivation consists of exapnding Eq. (A-II) in powers of normalized pupil 

coordinate p, and matching the resulting terms to the proper aberration coefficients Wet. 

Start with the expansion of the wavefront aberration W(p,e): 

W( p,e) = Wao 
+W;o P 2 + W;, p cose 

w: 4 W. 3 e w. ' '9 + 40 P + 3' p cos + 22 P - cos-

+W60 P 6 + Ws, p 5 case + W42 P 4 cos2 e + W;3 p 3 cos3 e 
+ ... 

(A-12) 

Convert from (non-standard) cylindrical coordinates to rectangular coordinates using P.~ = 

P sin e, py = p cos e; p2 = p/ + P/: 

W( p,e) = Woo 

+W;o( p/ + p/) + W;, Py 

+~o( P./ + p/ r +~, pA P./ + p/) + Wn p/ (A-13) 

+. 

Take partial derivatives of both sides of Eq. (A-13) to get the transverse ray aberration 

components Ex and Ey: 

(A-I4) 
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r2W;op.v+~1 1 
I i+4W4opAp./+p/)+W31(Px=+3P/)+2WnPy i 

E (p S ) = - -I ( ) 2 I (A -15b) 
y' NAl6UT 2 2 UT ( 4 6 2 2 5 4) + Yr60 Py Px + Py +"51 P.T + Px Py + Py 

+~2(2p/py+4p/)+3fJj3P/+... J 
Convert back to (non-standard) cylindrical coordinates: 

r 2W,o P sinS 1 

( ) 
I I +4~o p3 sinS +2fJjl p2 cosS sinS I 

Ex p,S =--l 5 4 3' I (A-16a) NA +6W60 P sinS + 4Wsl P cosS sinS + 2~2 P cos- S sinS 

+... J 
r2W;o P cosS + ~I 1 

I 1+4~op3coSS +fJjIP 2(1+2cos 2 S)+2WnPcossl 
E (p,s) = --l 'I (A-16b) y NA +6W60 P 5 cosS + Wsl P 4 ( I + 4 cos- S ) 

+~2 p3(2cosS +2cos3S )+3fJj3 p2 cos2 s +... J 
Now we expand Ex and Ey from equation (A-IO) above in powers of P; this is 

accomplished using the computer program MA THCAD. MA THCAD is able to expand 

Ex to p4, and Ey to p2. We obtain each aberration coefficient Wxx by matching the powers 

of P and cos S in the expansions ofEq. (A-lO) to the terms in Eqs. (A-16a) and (A-16b). 

Next, we expand each Wxx term in powers of cr, keeping appropriate orders (assuming that 

cr2 «1.) From the Ex expansion, we obtain expressions for W20, W3 J, W40, W42, and WS1 • 

From E}" we obtain W\I, Wn , and W33 • To obtain the spherical aberration terms (W60, 

WgO, etc.), we expand Ex in powers of tilt angle cr, keeping only the zeroth order. The 

individual steps of the MATHCAD calculations are omitted for brevity. 

We thus obtain the results shown in Table A-I. 
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