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ABSTRACT

Volumetric memories based on the extension of conventional (e.g.- CD and DVD) approaches by using the third dimension
for multiple layers may offer dramatic increases in storage capacity. For such thick-media multilayer systems, the design of
the optical head includes challenges in the control and tolerancing of aberration accumulation throughout the focal depth. In
this paper we review the accumulation of these aberrations in high resolution thick (>5 mm) disk media, and compare the
tradeoffs associated with several aberration compensation techniques. Both analytical and simulation results of aberration
accumulation as a function of the system f-number will be presented. Aberration compensation tradeoffs including
compensator complexity, cost, compensation range, speed will be detailed. Simulation results of a compensation technique
will be presented.
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1. INTRODUCTION

Information processing applications once in the realm of supercomputing (e.g.- 3-D visualization, virtual reality, data mining)
are now moving to the desktop and even to mobile computing platforms. This rapid evolution of the information age has led
to an explosive growth in the demand for high-capacity/high-performance secondary storage. To meet this demand, there are
two main trends apparent in optical data storage research and development Volumetric storage and data channel parallelism
are the key routes to achlevmg the capacities and transfer rates needed in future mllltary and commercial appllcatlons Both of
these techniques require the development of novel parallel optical pick-up heads.">’ Recent developments in optical storage
also include evolution to volumetric systems such as the 2-layer digital versatile disk (DVD) standard. Call/Recall is
extending this concept by developing a technology to enable the recordmg and reading of disks having hundreds or thousands
of layers, leadmg to more than a 100 times increase in capacity.*’ The optical storage approach used by Call/Recall relies on
recording bits in a volume by using two-photon recording. A spot is written in the volume of a molded organic polymer
only at points of temporal and spatial intersection of two beams with sufficient photon energies, one carrying information
(i.e.- at 1064 nm) and the other specifying location (i.e.- at 532 nm). The simultaneous absorption of these photons results in
a photochemical change in the active molecules doped into the polymer, which changes the absorption and fluorescence
spectra of the material (though changes in refractive index, electrical characteristics, etc. may also be obtained with
appropriately engineered dopant molecules). The recorded bits are read by fluorescence when excited by single green photons
absorbed within the written spot volume(s). Using this method, Call/Recall has demonstrated multiple image storage in
ROM configuration in a portable player unit. The results indicate no crosstalk between layers and excellent stability of the
written bits at room temperature. As many as 100 layers have been stored in an 8mm thick cube,’ and the recent monolithic
disk recording experiment shown in Figure 1. has demonstrated 3 layer recording. Separate experiments have recorded layers
as close as 30 um without crosstalk, and bits as small as 7 um with off-the-shelf catalog optics. Static statistical bit-error-
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rates (BER) of 107 have been demonstrated. Extensive work has been done with stable ROM materials, including media
readable with laser diodes matched to the high volume DVD market. Such thick-media multilayer systems will require
challenging optical head designs to control and tolerance aberration accumulation throughout the focal depth. The next
section outline the imaging system explored in this paper, and the aberrations of concern in this system are detailed in
section 3. The following section (4) discusses approaches to compensate for the accumulation of aberration throughout the
focal depth, and section 5 summarizes the conclusions of the paper.

@ ©

Figure 1. 2-photon recording and readout: (a) information and addressing beams may be overlapped to
record bits or (b) pages, (c) one multilayer disk geometry, (d) cross-section of a portion of a 100
layer recording (e) optical disk recording setup and example data plane.

2. PARALLEL ACCESS IMAGING SYSTEM

Consider the imaging system in Figure 2. The aperture stop is located at the back focal plane of L1 and at the front-focal
plane of L2, therefore, the system is telecentric both in the object space and the image space. For all conjugate points
principal rays are parallel to the optical axis. For this system, both the transverse magnification (M=h;/ h;) and the angular
magnification (8; /B;) are constant and are given by

M=h/h =-f/f (1]
B /B = - (mf) / (n:f) [2]

The ratio of the image space and object space NA is then given by

NAy mPBymax 1 [31]

N4 mBimax | M
Consider the conjugates CC' and DD" in the figure, the longitudinal magnification (/./ /;) can be expressed as

h_ kb _m,p [4]
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Figure 2 Doubly-telecentric or telescopic 4-f imaging configuration. AS: Aperture stop

This is the required conjugate distance equation which states that the longitudinal magnification is a constant and equal to
the transverse magnification divided by the angular magnification. Since the magnification is insensitive to defocus,
telecentric systems are commonly used for measuring heights. This system can be used for parallel access multilayer optical
storage systems. Since the magnification is the same for all conjugates, data in different layers can be recorded (or retrieved) in
parallel by advancing both the input mask (or detector) and the storage media simultaneously or by moving the lens system.

Another important advantage of using this configuration is that, off-axis aberrations (e.g., coma, astigmatism, field curvature,
distortion) due to imaging into thick media are proportional to the angle principal rays make with the optical axis. For this
system, off-axis aberrations due to media is zero and the only aberration that accumulates is the spherical aberration.
Furthermore, aberrations of the two lenses that are in odd order with the pupil coordinate (e.g., coma and distortion) will be
of opposite signs, and if the magnification is unity, they completely cancel each other.

3. ABERRATION ACCUMULATION

As illustrated in Figure 3, imaging into a parallel plate shifts the location of the image but do not change the image height.
The image location is shifted from P to P* such that ¢=nt, and /2*=h. Let the aperture stop of the plate be of radius a located
at its front surface. The ray MQP" passes through the point Q in the plane of the exit pupil with polar coordinates (r,8) and
the chief ray passes through the center of the pupil plane O. By assumption aberration of the chief ray 1s Zero. The wave
aberration of the ray MQP" is the optical path length difference with respect to the chiefray and is given by

W(r,0;h) = a, 4 a, hr3 cos(0)+aah2r cosz(0)+afh2r + adh3rcos(0) [51

where a;, a., a,, ar , az are the coefficients of the five primary Seidel aberrations: spherical aberration (SA), coma,
astigmatism, field curvature, and distortion, respectively. 4 in the equation can also be expressed in terms of wavefront tilt
angle B (i.e., the inclination angle of the chief ray),

h=t, tan(B) [6]
Aberration coefficients for the configuration in Figure 3(b) can be calculated as”*'*"!
n2 -1 7
Ay === Q= ~dag; ag =4ag; af =24 ag=-4a; [7]
8n“t,

Assuming a circular pupil of radius @, we can use the normalized radial variable p=r/a, suppress the explicit dependence on
image height 4, and write the primary aberration function in the form

W(p,0) = Ap™ + 4,0 cos(0)+ A,p? cos*(6) + A;p” + A4pcos(0)) [8]
where 4; are the peak aberration coefficients (in microns) given by

Ag = asa4; A, =aH a’; A, = aah'zaz; Ap= adh'2 a?; Ag = ath’3 a [9]
Note that only SA is independent of h or B.

Diffraction sets the ultimate limit to the system resolution. For a system to be diffraction limited, according to the Rayleigh
resolution criteria, wave aberrations should not exceed a quarter of the wavelength of the light used for all points in the exit
pupil. For incoherent illumination the diffraction spot diameter in the image plane is given by [ref. 8, p. 418],

op =122-2e [10]
nsing
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where A, is the wavelength in vacuum and ¢ is the maximum half angle for the cone of rays converging to the lmage point.
For coherent illumination, the resolution limit depends on the spatial frequency content of the object and the aperture.® Based
on the discussion in Ref. 8, p. 424, a larger coefficient (e.g.- 1.64 instead of 1.22) can be used for estimating the spot
diameter for coherent systems. However, for simplicity we will use the value 1.22 in all calculations. The quantity » sin ¢
in the above equation is the numerical aperture (NA). If the interface between two media is planar, NA and op do not change
as the light travels from one medium to the other. NAs larger than 1 can only be achieved by ﬁllmg the space between the
last lens surface and the detector by a high refractive index media, or by using immersion lenses."" Using Figure 3, the NA
can be found as

NA = n_sin(p) = sin(arctan(a/t,)) {xact}

[11]
NA ~;"- - -"t-"- ffor small ¢}
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Figure 3 Imaging into thick media with refractive index n. (a) normal incidence (i.e., telecentric image space), (b) tilted
wavefront incidence.

A defocus aberration is introduced if the image is observed a distance Ad from the paraxial (or Gaussian) image plane. We can
balance SA with defocus and write the balanced SA4 as

W(p) = 4,0% + Adefp2 [12]
Assuming Ad is small compared to ¢, the peak defocus aberration 4qs can be written as.
2 2
na“Ad (NA)
Agef = [13]
T2 2n

It can be shown that, the optimum value of the defocus that gives the minimum aberration variance (or maximum Strehl
ratio) is obtained for Aus =~ -4, We will refer to this plane as the diffraction image plane and it lies midway between the
paraxial and marginal image planes. The radius of the ray spot at the diffraction plane is half that of the paraxial plane and the
peak aberration coefficient /7, for balanced SA is A;/ 4 and it is attained at p =1/ 2.

W(p) = A5(p* - p*) [14]

‘ Wy(p=1/) =4, /4 [15]

For the telecentric imaging configuration discussed in Section 2, NA is the same for all image points and the center of the
cone of rays converging to any image point is parallel to the optical axis. Therefore, the radius of the cross-sectional area

subtended on the media surface (a) increase linearly with t and if the system is perfectly aligned $=0 for all image points. A,
can be expressed in terms of NA as,
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n
Solid lines in Figure 5 show the balanced peak spherical aberration W, in waves (Wp waves = 0.25As / A, ) as a function of
NA for different values of't. In the absence of off-axis aberrations, according to the Raleigh’s resolution criteria, for the system
to be diffraction limited Wp must be smaller than 0.25A, (i.e., As < A, for balanced SA). Therefore, assuming A,=1.064um
and n=1.5, for a given media thickness (in microns), the maximum value of NA for diffraction limited imaging can be
calculated as

s ==

219
For t=10mm, (NA)m.x can be found as 0.219, consistent with Figure 5. For this value of the NA, f; is 2.28 and the
diffraction spot diameter is approximately 5.9um.

3.1 HIGH-ORDER SPHERICAL ABERRATION

So far we considered the effects of third order primary aberrations. For high NA systems, high order aberrations can become
important. As shown in Figure 4, the ray through A(r,6) intersects the Gaussian or garaxial image plane at a point P** whose
coordinates with respect to the Gaussian image point P* are approximately given by*'
t oW oW
Ly )= [18]
(x3>¥) n( PRy )

where (x,y)=r(cos6, sinf). The displacement P'P*" of a ray from the Gaussian image point &(r) is called its geometrical or
transverse ray aberration. Third-order TSA can be calculated by substituting W and a; from Eqs. 5 and 7 into the above
equation.

M: Marginal focus { &,,,=0.385E}

LC: Circle of least confusion {Emax=0-25E,}
D: Diffraction focus {E,,,=0.58}

P: Paraxial focus {,,,=E,}

Figure 4 Transverse spherical ray aberration. Best focus is obtained at plane LC which is 1/4 of the way from M to P.
Highest Strehl ratio is obtained at plane D which is the midway between M and P. The maximum spot radius at different
planes relative to the maximum paraxial spot radius are given in parentheses

We can find the exact expression for the transverse spherical aberration (TSA) using the geometry in Figure 4.

E(r) = ttan(o' ) - r- [19]
Using Snell’s law and making appropriate trigonometric substitutions, the exact TSA becomes
' [20]
E) = —

—_—r
n? -1)r?
JE TR

The maximum spot radius, |Emax|, is attained at r=a. For small values of a/¢, (small NA), the third order approximation to
the above equation can be found as

2 _qy2 2 4
sa(r)=r(1-(12%%’—>—r=_('2’n2t%)r3, [21]

The size of the ray spot is minimum at the plane LC in Figure 4, which is at 3/4 of the way from the paraxial image plane to
the marginal image plane. The radius of the circle of least confusion is 1/4 of the spot radius in the paraxial plane. We will
again assume that the image is observed at the diffraction image plane D that is lying midway between the paraxial and
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