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Abstract Fundamental requirements for optical system
design for volume recording system is identified. Anastig-
matic objective lens design is required for conventional
page-based system, whereas for multi-layer volume
recording systems, an Aplanatic and zoom optical design
is needed with an afocal sub-optical system including a
high numerical aperture (NA) objective element. An NA
0.4 and four element design is feasible by only using off-
the-shelf components. Recording depth ranges of 0.4 mm
for wavelength 532nm and 0.2mm for 405nm. The
design demonstrates sufficiently small as-built wavefront
error, less than 0.1 waves while implementing focusing
and tracking capabilities to the design.

Keywords holographic and volume memories, lens
system design, optical disks

1 Introduction

Optical data transmission is widely adopted for long haul
data transfer due to its high speed and non interfering
nature. Such an infrastructure enables high speed content
distributions such as HD movies, e-books and extensive
music libraries. In addition, the Internet of Things (IoT)
which connects things such as consumer appliances over
the Internet is of interest [1]. Consequently, bandwidth
demand on user side has been increased accordingly to
handle personal data. For enterprise and professional use,
handling of data, especially the power consumption
required to store the data became a serious bottleneck to
keep up with the explosion of data.

Although hard disc drives are mainly used in data
centers, optical data storage is considered as a viable
option. Especially, far-field optical recording has unique
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capability such as very low storage cost per bit for the
lifetime of the data, and long-term stability of data, thanks
to the fact that the power consumption is nearly zero for the
most of the period of archiving. Thus, high density optical
data storage in the far field recording scheme is an
attractive add-on to the existing hard disc based data center
to add archiving capabilities.

To achieve high density of over 1 TByte, a volumetric
recording has been actively investigated in far-field
regime. Such volumetric recordings are categorized into
two major schemes, volume holographic recording and
multi-layer volumetric recording. In the far-field recording
scheme, the numerical aperture (NA) of optics and
wavelength are two critical factors to determine recording
density. Besides, it is proposed incorporating superposition
of two orthogonal polarizations and information absorp-
tion spectrum to increase recording density. With almost all
the techniques to enhance recording density, volumetric
recordings are compatible. Thus it is the most effective
way toward far-field based high density recording system.
However, it is still an open question which volumetric
recording is the best option to be pursued. Some theoretical
analysis revealed fundamental similarity and difference of
performance for specific pair of recording schemes. For
example, McLeod et al. reported the performance of the
page-based volumetric and bit-based multi-layer holo-
graphic systems are comparable in data rate, data capacity
are comparable [2]. Based on the analysis, Takashima and
Hesselink reported that under the presence of perturba-
tions, the performances of two system differently varies as
a function of NA of optic when the 3rd order aberrations
are taken into account [3]. The Ist and 3rd order analysis
indicates in optical design, difference in the recording
scheme has to be appropriately taken into account in the
practice of optical system design.

In this paper, we report optical design method for
volume recordings while emphasizing the procedure to
determine specification for optical designs based on
fundamental first order optics and 3rd order aberration
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theory. It is also of our interest to see how the 1st and 3rd
order requirement can be implemented as a train of lens
elements to satisfy the specifications.

In this research paper, first, we review the design of an
objective lens for volumetric holographic recording.
Second, it is followed by discussing in detail on 1st
order design principles for the multi-layer bit based
recording, since optical designs for multi-layer recording
are not fully investigated. We also present a viable optical
design for a multi-layer recording demonstration platform
by only using only and with minimum number of off-the-
shelf components.

The design approach would give a partial answer for the
question, which recording scheme works better from the
view point of optical system design. The all off-the-shelf
design can be used as a benchmark in multi-layer volume
recording, from which optical performances are further
improved.

2 Optical design method for volumetric
recording

2.1 Optical design for volume holographic recording

Optical designs of objective lenses for the volume
holographic recording have been reported by several
authors [4-6]. There exists a clear difference in lens
designs between volumetric holographic recording and
multi-layer recording. Multi-layer recording is extension of
surface recording to depth dimensions. The surface
recording system requires an Aplanatic objective lens for
which spherical aberration and Coma are compensated
[7,8]. This is because the objective lens is not solely
operating on-axis condition, but rather in an off-axis
condition due to an imperfect assembly of the objective
lens to optical system. Also, the lens focuses a laser beam
under the presence of mechanical perturbations such as tilt
induced by rotation of recording media. The tilt of the
media induces substrate induced Coma. Therefore, con-
trolling of media tilt is crucial for assuring the off-axis
performance of the objective lens.

For the volumetric holographic recording, data capacity
is increased by superimposing multiple holograms using
Bragg selectivity. Consequently, requirements for optical
design are mainly imposed by the Bragg selectivity. Figure
1(a) shows a schematic of the volumetric holographic
recording system. Since the archiving is the primary
purpose of far-field recording, we consider removable
media system, i.e., recording and retrieval is employed at
different disc drive platforms. For example, once informa-
tion is recorded at platform 1, recording media is removed
and retrieved later at the platform 2. At platform 1, a spatial
light modulator (SLM) is placed at the front focal point of
the lens 1 (L1) and is coherently illuminated. The image
bearing beam at the back focal plane of the lens L1
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interferes with a reference beam (R), and forms a Fourier
transform hologram. We assume that holograms are
multiplexed by employing angular multiplexing by chan-
ging the angle of incidence of R with respect to recording
media [9]. Upon retrieval of the data, the recording
medium is transferred to the platform 2, and is illuminated
by reconstructions reference beam (R') while varying the
angle of incidence with respect to the media. The
reconstructed Fourier hologram is inversely Fourier
transformed by the second lens (L2), and is detected by a
two-dimensional sensor array such as a charge coupled
device (CCD). From the viewpoint of geometrical optics,
the interchangeable media system is equivalent to a time
delayed imaging system with forward and inverse Fourier
transforms. By examining Fig. 1(b), we notice that there
are two kinds of imaging are involved, the object imaging
and pupil imaging. For the object imaging, the SLM and
CCD are conjugates, i.e., object and image. Whereas for
the pupil imaging, an object located at negative infinity
with respect to L1 is imaged at the location of positive
infinity with respect to the second lens L2. In other words,
the pupil imaging is focusing of the collimated beam on the
recording medium followed by re-collimation of the
focused light by the second lens L2. For volume
holographic imaging, the pupil imaging is especially
important in two aspects, 1) mapping of SLM images to
CCD and 2) performing exact Fourier transform [10]. The
accuracy of the mapping is crucial, especially for volume
holographic recording system without employing quasi
phase conjugate readout [11]. Although for holographic
recording as far as the mapping of SLM pixel image to the
CCD is well defined, there is no physical significant
requirement on the mapping. Also, exact Fourier transform
of the SLM image is not necessary either. However,
assuring the media transfer capability among platforms
requires well-defined mapping. Consequently, the map-
ping of & = f'sinf, where % is the marginal ray height for
pupil imaging, and is also height of the chief-ray for objet
imaging, 6 is the angle of the ray at Fourier plane, and fis
the focal length of the lens, the most appropriate mapping
if we consider the relations of objects and pupil aberrations
[12,13].

Table 1 summarizes relations between object and pupil
aberrations. For the object imaging, there are at least three
primary Seidel aberrations, such as spherical aberration,
Coma, and astigmatism to be corrected. Next, we consider
pupil Seidel aberrations. Correction of the spherical
aberration and Coma is needed to satisfy the Abbe’s Sine
condition, 4 = f'Sinf, where h is marginal ray height, f'is
focal length and @ is marginal ray angle. The relation is
known as the Sign condition for an object located at
infinity which is the case for pupil imaging.

Aberration theory indicates pupil Coma is automatically
corrected for once pupil spherical aberration and the first
four object aberrations are corrected in a 4f telecentric
system. Thus, corrections of five Seidel aberrations among
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Fig. 1 (a) Schematic of volume holographic recording with interchangeable media; (b) in the lens system, two kinds of imaging are
involved, the object imaging (solid line) and the pupil imaging (dashed line). SLM: spatial light modulator; CCD: charge coupled device

Table 1 Relations between object and pupil aberrations

lens aberrations object imaging

pupil imaging

spherical aberration corrected
Coma corrected
astigmatism corrected
Petzval corrected
distortion NA (symmetry)

corrected
(no Coma if 5 aberrations are corrected.)
NA

«

NA (small field of view)

total of ten pupil and object aberrations (three objects, one
pupil and one common Petzval) lead to satisfy the design
requirements for volumetric holographic recording. Con-
sequently, once we correct the five aberrations listed in
Table 1, ray to angle mapping is uniquely determined while
satisfying aberration correction for the object imaging. In
addition, the mapping relation assures an exact Fourier
transform too which is beneficial since well-defined
deconvolution kernel for signal processing is usable.

The analysis indicates an Anastigmatic lens is needed
for which the first three Seidel object aberrations are
corrected. Additional correction of pupil spherical aberra-
tion enables using an interchangeable medium. Degree of
freedom analysis indicates, aspherical doublet has an
enough degree of freedom to satisfy with the aberration
correction if varying the power arrangement is included in

the degree of freedom. Figure 2 shows design examples
obtained by the following traditional lens design procedure
[6]. The important conclusion is that the negative power
surface close to the Fourier transform plane minimizes
aberrations, and consequently increases the NA for object
and pupil imaging.

2.2 Optical design for multilayer recording system

The second implementation of high capacity data storage
system is a multi-layer volume recording with aplanatic
objective. In addition to the aplanatic requirement,
correction of a substrate induced spherical aberration is
required. Demonstration platforms as well as 3rd order and
ray-trace based optical designs for multi-layer recording
systems have been reported in literatures [2,14,15].
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Fig. 2 Design example of Anastigmatic lens for volume holographic recording using for (a) NA =0.7 (N =1.59219); (b)) NA=0.75 N =
1.85078) and (c) NA =0.8 (N =2.15858). A strong negative surface close to the Fourier plane improves object imaging 2.2. Saggital (S)
and tangential (T) field aberration are plotted for each of the design

However, fundamental requirements and constraints on 1st
order optical design have not yet been fully addressed. In
this section, we address the 1st order design and complete
optical design for multi-layer and micro holographic data
storage demonstration platform by using only off-the-shelf
optical components.

In the first order, lens power arrangements for objective
lenses having a capability to access to multiple recording
layers are needed. The typical way to implement such
optics is described as follows. First, a virtual or real
intermediate image is formed by a movable optic or
“zooming” optics. Then, the intermediate image is relayed
to a final focal point inside a recording medium by a
secondary optics including high NA objective elements
next to the recording medium. Moving the first optics
along optical axis alters conjugate ratio between the
intermediate image and final image, therefore, the final
image position also moves, which ends up with selection
of recording layers. The approach is a rather simple one.
However, we immediately notice several drawbacks of the
approach. First, the system focal length varies as a function
of the writing depth which may require additional
components such as a variable aperture to keep the
numerical aperture constant. In addition, tuning of the laser
power to keep NA and read/write power constant might be
additionally needed. Second, the location of the final image
nonlinearly moves with respect to the movement of the
zooming element. This would impose an additional
requirement on actuators for selection of writing depth
which typically has a constant spacing between adjacent
recording layers.

Ideally, the objective lens for multi-layer recording

system has to have an optical power arrangement with
constant focal length. Also it is ideal to have a constant NA
over the range of multi-layer as well as linear movement of
zooming element. Figure 3 shows a schematic diagram of
the objective element. The objective element is placed
close to the substrate of the recording layer with a constant
working distance (WD). Upon moving an optical compo-
nents (zooming elements), the WD can be kept invariant
while back focal length (by) varies to access to multiple
recording layers throughout the volume of the recording
material. Moreover, ideally system focal length (f;y) needs
to be invariant to the location of the zooming element to
keep the NA constant and the by linearly moves with fgy.
Figure 4 shows a conventional power arrangement of
variable focus depth objectives for multi-layer optical data
storage. For simplicity, we have depicted that both of the
zooming and relay optics are positive thin lenses. For the
relay optics (Fig. 5), within first-order optics, 8’ = 0(t*¢ —
1) holds for the zooming optics, where ¢ is the location of
the intermediate image measured from relay optics, ¢ is a
power (inverse of the focal length) of the relay optics, 0
and @' are angles of marginal rays at the side of
intermediate image and the final image, respectively.
Making a focal length invariant for all the zooming
range is equivalent to having an invariant emerging ray
angle (0") at the side of the final image. As a result, a
condition 0 (#*¢ — 1) = constant, is needed. Apparently, a
single zooming optics cannot satisfy the requirement since
6 is a constant while 7 is a variable. We consider next
minimum option for zooming optics consisting of two
elements. Figure 5 shows a schematic of power arrange-
ment. We limit analysis for the case of using two positive
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Fig. 3 Schematic of 1st order power arrangement of objective
zoom lens for multi-layer recording. WD: working distance
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Fig. 4 Power arrangement of conventional variable focus depth
objectives
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Fig. 5 Powerful arrangement of variable focus depth objectives
with a constant focal length

or two negative elements. We also have two possible
selections on zooming element between two. Among a
total of four possible power arrangements, only positive-
positive combination with moving first element satisfies
the condition aforementioned. In Fig. 6, power arrange-
ment of the three element zoom objective design is
depicted.

zooming

Fig. 6 Power arrangement of the three elements zoom objective
design

The first element, zooming element and the second
element with optical power ¢; form an intermediate image
between the 2nd lens and the 3rd lens. The location of the
intermediate object measured from the 2nd element is s,.
The distance between the 2nd and the 3rd element is 7. The
location of the final image is at the distance of s,; from the
3rd element. We consider the focal length of the
subsystem, the 2nd and the 3rd elements fi,s = ¢+
t ¢ 1¢ . The first order analysis indicates

dsyi _

dslo (17¢2t+slofsys)7l' (1)

Apparently, under the condition of f;,s = 0, ds,i/ds;, is a
constant. Therefore, the linearity of the shift of the image
location to shit of the zooming element is satisfied. This
means the 2nd and the 3rd lenses are an afocal system as a
combined lens system. The afocal characteristics auto-
matically satisfies requirement of constant NA over the
shift of zooming element.

Figure 7 shows the power arrangement of the three
elements zoom objective with afocal design. The afocal
system has a constant angular magnification 6,,/6;, =
constant, where 6, and 6;, are angles of incidence of
marginal ray at the right hand side and left hand side space,
respectively. The angle 6;, does not change with the
movement. This means that 6, does not change either. As
a result, sinf,,, NA/n, where n is index of refraction of the
substrate material, is a constant over the zooming. Note
that, even being able to implement such additional
features, the proposed optical power arrangement requires
only one moving component. Thus, our approach inherits
the simple implementation of the conventional approach.
Importantly, such a minimum optical power arrangement is
possible only if a specific combination of power is adopted
for the zooming optical component.

Figure 8 summarizes the power arrangement. The point
Pi is formed by a Focusing element, which moves along
the optical axis. The intermediate image at P1i is re-imaged
by relay lens assembly consisting of aberration compen-
sator (AC) and aspheric objective element (OE). The focus
point compensator (FPC) is placed near the intermediate
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Fig. 7 Power arrangement of the three elements zoom objective
with afocal design

image Pi. The FPC compensates variation of the system
focal length induced by zooming of FE. All the
components are placed to satisfy the 1st order power
arrangement, and the final image is formed at the location
indicated as Pf.

Moving the FE changes the conjugate ratio between Pi
and Pf, this changes ray incident height of the relay lens
assembly. The change of ray incident height on the OE as
well as the change of the conjugate ratio induces
aberration, because the OE is designed for a specific ray
height and conjugate ratio to minimize aberrations. To
compensate the induced aberration, aberration correction
element (ACE) is added. The ACE re-collimates rays from
the intermediate point Pi. As a result, the variation of
marginal ray height as well as changes in the conjugate
ratio for the OE itself is reduced. The arrangement enables
using the OE designed for specific conjugate ratio in the
proposed zoom design.

3 Optical design of demonstration
platforms for multi-layer micro holographic
data storage

Two kinds of demonstration platforms adopt the first order
design by only using commercially available off-the-shelf
optics. The first design example employs a 532 nm diode
pumped solid state (DPSS) laser operating at 532 nm. The
system is designed to write and read single bit micro
holograms. The second design example employs blue laser

<:> re-focusing

A
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diode with 405 nm. The 405 nm system is designed to read
and write multiple bits simultaneously to further increase
data transfer rate. Figure 9 shows a schematic diagram of
multi-layer micro holographic data storage. Unlike to
multi-layer recording systems using phase change mate-
rial, micro holographic data storage requires two counter
propagating and tightly focused laser beams, object and
reference beams need precise overlapping on top of each
other. Thus, servo mechanism is needed to keep over-
lapping of the beams for writing and to precisely align
reconstructing beam to the hologram for the readout.
Consequently, the zoom objective design has to be
compatible with the servo system. The second platform
employs three 405 nm blue lasers so that three micro
holograms can be read out simultaneously. In this section,
optical architecture of the demonstration platform is
discussed, and it is followed by a description of the
zoom objective lens design for 532 and 405 nm in detail.

Figure 10 shows a schematic diagram of the system.
Structure of the recording disc is depicted in Fig. 10(a).
The total thickness of the disc is 1.2 mm and recording
material has a 0.6 mm of thickness. The recording material
is formed on a # = 0.6 mm glass substrate, where a tracking
groove is engraved by etching of the glass substrate.

The objective lens (object optics) focuses green light at
the wavelength of 532 nm inside the recording material
while it focuses red light (658 nm) on the groove of the
glass substrate simultaneously. The second objective lens
(reference optics) focuses green light (532 nm) and the two
focused spots are formed. The two focused spots overlap
on top of each other. As a result, a micrometer size Bragg
grating is formed by the two counters propagating and
mutually coherent beams.

For the 532 nm laser beam, the focusing depth measured
from the surface of the disc is 0.7—1.1 mm. The focusing
depth of the 658 nm laser beam is 0.6 mm. Due to the
differences in the green and red focusing depth requires
special consideration for the object optics in optical design.

Figure 10(b) shows the overall system layout. A 532 nm
laser beam for writing and readout holograms is expanded
and collimated. A 658 nm laser beam for tracking is
expanded and collimated too. The green and red beams are
combined by the dichroic mirror and are focused by the
object optics. In the red optical path, a reflection from the

recording depth
A\ A
focusing element focus point aberration Asp. medium
(FE) compensator compensator  objective
(FPC) (AC)

Fig. 8 Power arrangement of the variable focusing depth system having a constant focal length
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Fig. 9 Schematic diagram of multi-layer micro holographic data
storage

groove is detected by a quad detector (QD). The signal
from the QD is fed back to the lens actuator (now shown)
to focus the red beam on the groove as well as track the
groove. The focusing and tracking by the red beam is
crucial to precisely overlap counter propagating green
beams. For the purpose, a second QD is placed in the green
optical path. When the objective lens in the object path is
actuated by the servo system in 658 nm wavelength, the
objective lens of the reference path is shifted along radial
and tangential directions by observing the displacement
and astigmatism at the QD in the green path. A Galvo
mirror in the reference path shifts the lens in tangential
direction. A standard voice coil actuator is used to shift the
lens in radial direction and for focusing. The data is
encoded in a streaming of a binary data. An electro optics
modulator (EOM) modulates the laser beam record the
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4
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tracking object
grooves optics
/ <*> \ 7
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binary bit stream as a sequence of hologram bits.

For readout, reference laser beam is blocked. The
recorded micro hologram reflects the focused object beam
and the reflected signal is detected by the QD in the green
optical path.

As system overview describes, there are several
important functionalities and constraints on optical designs
to realize the system, including: 1) The recording depth
varies, i.e., the aberrations within the range of recording
depth (order of half millimeters) should be sufficiently
small ( < 0.1 waves in root mean square) for a NA of 0.4;
2) Two wavelengths of 532 nm for writing and reading out
of the micro holograms and 658 nm for tracking and
focusing are required. Also, lens aberrations need to be
sufficiently small (< 0.1 waves in root mean square) for
red wavelength; 3) All the optical components are off-the-
shelf ones; And 4) off-the-shelf mechanical components
are desirable too.

4 Design results and discussion

Figure 11 depicts the ray path of the core part of the system
for 532 nm read and writes system. The optical compo-
nents used for the design are commercially available off-
the-shelf components. In the object path, there are four
components (LP350080, LB1014, KBX037 and PAC034)
are used. In the reference path, four components
(LP352230, LB1258, KBX037 and PACO028) are used.
The four components in each optical path correspond to
aspheric OE, ACE, FPC and FE as depicted in Fig. 8. As
described above, the OE, ACE and FPC are arranged so

658 nm LD |:|

QD
%M—@ detector

532 nm DPSS
BS laser
dichroic ¢ £ @
mirror PBSZ "EOM
G object optics
Jowp
fuwp

mirror

(b)

Fig. 10 Schematic diagram of multi-layer holographic recording demonstration platform. (a) Disc structure; (b) recording system. LD:
laser diode; QD: quad detector; PBS: polarization beam splitter; EOM: electro optics modulator; DPSS: diode pumped solid state laser;

QWP: quarter wave plate; HWP: half wave plate
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list of optical components

lens supplier diameter/mm focal length/mm
PAC034 Newport 12.7 76.2
KBXO037.AR14 Newport 12.7 62.9
LB1014.A Thorlabs 12.7 25
LP350080 Lightpath Tech. 6.35 3.89
LP352230-A Lightpath Tech. 6.35 451
LB1258.A Thorlabs 12.7 30
PAC028 Newport 12.7 50.8

Fig. 11 Design results, writing and readout optics for 532 nm wavelength

that they work as an afocal system, or the combined focal
length of the three elements is infinity. Since the depth of
the recording layer extends from 0.7 to 1.1 mm from the
surface of the disc, the object and reference optics are not
identical. Optical design is performed as follows. At first
commercially available aspheric objective lens is selected.
Then other spherical components are incorporated with it.
Without changing the lens data of the aspheric objective
lens, other lens parameters are optimized while satisfying
the proposed power arrangement. Then, the optimized
system is fitted with the commercially available compo-
nents that parameters are close to the optimized result. The
process is repeated for a list of the commercially available
aspheric lenses. Finally, the optimum design is identified
by comparing system with different kinds of aspheric
lenses used as a starting point. Since the object optics
shares two wavelengths 532 and 658 nm for tracking and
focusing servo, the object optics are optimized for both of

the wavelengths. Optical design for 658 nm is shown in
Fig. 12.

Table 2 shows paraxial data as a function of the
recording depth for 532 nm object path depicted in Fig. 11.
For each recording depth, effective focal length (EFL),
back focal length (BFL), front focal length (FFL), NA, and
wave aberration in root mean square are evaluated. The
effective focal length varies from 0.3% to 1% with respect
to nominal focal length values for object path. The
variation of the back focal length is less than 1 um. The
back focal length is measured from the recording layer
where the aberration is minimized. Therefore, the system is
optimized while satisfying the paraxial requirements
discussed in Section 3. The front focal length varies
linearly with recording depth. Since the effective focal
length is constant over the recording depth, therefore, the
variation in the front focal length is solely attributed to the
movement of the focusing element. The linearity between
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Fig. 12 Design results, tracking and focusing optics for 658 nm wavelength

front focal length and recording depth assures linearity in
zooming in the design. The NA is constant over the
recording depth. Thus, Table 2 shows the key aspects of
the design, suppressing variation of focal length over the
range of recording depth and linearity in zooming.
Wavefront error in root mean square is smaller than
0.017 waves over the recording depth.

Table 3 shows paraxial data as a function of the
recording depth for 532 nm reference path depicted in Fig.
11. The focal length variation is smaller than 1% and is
matched to the focal length of the object path optics. As a
result, individual tuning of tracking and focusing servo
gains in 532 nm are not required. The matched focal length
simplifies the servo system design and enables precise
overlapping of focused and counter propagating green
beams. The variation in focal length and linearity of the
movement of focusing element over the recording depth
are assured to the reference path optics too with a similar
range of focal length and linearity errors. Wavefront error
in root mean square is smaller than 0.05 waves over the
recording depth.

Table 4 shows paraxial data as a function of the
recording depth for 658 nm path depicted in Fig. 11. The
658 nm path shares major optics with the 532 nm object
path. The key aspect in the design is to achieve small
wavefront error for 658 nm while not affecting the
zooming and wavefront error performance for 532 nm. A
similar design approach for the 532 nm optical system is
used to select the most appropriate off-the-shelf compo-

Table 2 Paraxial data of the object path system for 532 nm

nents for the focusing element. Matching of the focal
length to 532 nm focal length is not required since 658 nm
servo system works as a master servo to control 532 nm
servo systems of object and reference path. Wavefront
error in root mean square is smaller than 0.017 waves at
0.6 mm recording depth, where tracking and servo grooves
exist.

Figure 13 depicts tolerance analysis result. Wavefront
error in root mean square is estimated by assuming
standard lens tolerances of off-the-shelf components. In the
analysis, the range of tracking and focusing is assumed as
0.2 mm. Under the condition, wavefront error as designed
and as built is less than 0.1 waves for over all the recording
depths.

Table 5 summarizes specifications and design results.
The system is implemented by Shi et al. and successfully
demonstrated writing and read out of micro holograms
[16].

The design procedure for the 532 nm wavelength is also
applicable for the 405 nm wavelength with minor mod-
ifications. All the lens elements used for the 405 nm system
are identical to those of the 532 nm system, except for the
optical components which have wavelength dependent
performances, such as, 1) dichroic beam splitter to
combine read/write beam (405 nm) with focusing and
tracking beam (658 nm), 2) half and quarter wave plate
used for the wavelength of 405 nm, and 3) polarized beam
splitter usable for the wavelength of 405 nm. In addition,
refocusing by moving the focusing element is needed due

recording depth/mm

EFL (effective focal length) BFL (back focal length) FFL (front focal length) NA (numerical aperture) wave aberration (waves)

0.7 6.811 0.0005
0.8 6.8157 0.0012
0.9 6.8204 0.0016
1.0 6.8252 0.0018
1.1 6.8299 0.0016

—43.7489 0.4 0.0048
—36.0226 0.4 0.0077
—28.2747 0.4 0.0134
—20.5027 0.4 0.0166
—12.7032 0.4 0.0166
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Table 3 Paraxial data of the reference path system for 532 nm

recording depth/mm  EFL (effective focal length)

BFL (back focal length)

FFL (front focal length)  FNO (F number) wave aberration (waves)

0.7 6.8298 0.0002
0.8 6.8476 0.002
0.9 6.8652 0.0033
1.0 6.8828 0.0041
1.1 6.9002 0.0044

—33.3701 0.4 0.0061
—36.9458 0.4 0.0223
—40.4747 0.4 0.0332
—43.9589 0.4 0.039
—47.4002 0.4 0.0403

Table 4 Paraxial data of the tracking servo system for 658 nm

recording depth/mm 0.6
EFL (effective focal length) 3.8524
BFL (back focal length) 0.0001
FFL (front focal length) 68.8095
NA (numerical aperture) 0.45
wave aberration (waves) 0.0165

to the disc configuration (0.6 mm substrate/0.2 mm
recording material/0.6 mm substrate). Also, to use a short
coherence length 405 nm leaser, the optical path length
difference of each arm is adjusted by adding a delay-line.
Figure 14 depicts an optical design for 405 nm wavelength.
Table 6 summarizes design objectives and design results.
For the 405 nm system design, linearity in zooming and
wavefront error is comparable to those for 532 nm design.
Note that the range of the recording depth is 0.2 mm
compared to 0.6 mm for the 532 nm design. The smaller
focusing range is due to the disc structure but not limited
by the optical design.

5 Conclusions

In designing optical systems for volumetric optical
recordings, physical mechanism to achieve a high record-
ing density determines fundamental optical design speci-
fications. Bragg selectivity in volume holographic

Table 5 Summary of design specifications and results

recording requires Anastigmatic lens designs to perform
a well-defined mapping of data pixel locations to angular
spectrum components in Fourier domain. For volume
holographic recording optics, Ist order and 3rd order
optical design study reveals that at least five aberrations
have to be corrected among the nine object and pupil
Seidel aberrations.

For multi-layer volumetric recording, it is essential to
have aplanatic designs with zooming capabilities to access
to multiple recording layers. In addition, it is needed to
have a constant focal length, linearity between moving
element to the recording depth, and spherical aberration
correction induced by the variable recording depth.

Aplanatic objective lens with single moving element can
be usable as far as conjugate ratio for the objective lens is
not substantially altered while zooming. However, it is
desirable to implement an afocal sub part in the optical
train. The afocal part, consist of high NA objective lens
and additional compensating lenses, takes crucial role for
the optics in multi-layer volumetric recording. By the
afocal sub part, it becomes feasible to satisfy multiple
requirements for optics, such as a constant focal length,
linearity between moving element to the recording depth.
The zoom design with an afocal part can be minimally
designed as a three-element system that consists of a
zooming element, a compensator, and a high NA objective
lens. Design study shows that it is needed to add one
additional element between the compensator and the high
NA objective lens. For an objective lens designed for
infinite conjugate ratio, four element design is preferable

specifications results
1 disc type t=0.6 mm+ 0.6 mm «
2 wavelength/nm recording 532 “
3 focusing/tracking 658 “
NA (numerical aperture) recording 0.4 0.4
focusing/tracking 0.45 0.45
4 recording depth/mm 0.7-1.1 (range of the depth: 0.4) 0.7-1.1
5 focusing/tracking depth/mm 0.6 0.6
6 wavefront error 532nm 0.1 waves in RMS as built, object height < 0.03 mm 0.1
658 nm 0.1 waves in RMS as built, object height < 0.03 mm 0.1
7 other requirements off-the-shelf lenses «

Note: RMS: root mean square
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Fig. 13 Result of tolerance analysis. As built performance as a function of recording depth for objective (arm 1) and reference (arm 2)
optical path
Table 6 Design specifications and design results for 405 nm wavelength
specifications results
1 disc type blue sensitive ¢ = 0.6 mm disc/f = 0.2 mm recordable disc/t = 0.6 mm disc «
2 wavelength/nm recording 405 “
focusing/tracking 658 -
3 NA (numerical aperture) recording 0.4 “
focusing/tracking 0.45 «
4 recording depth/mm) 0.6—0.8 (range of the depth: 0.2) «
(405 nm)
5 focusing/tracking depth/mm 0.6 mm “
(658 nm)
6 wavefront error 405 nm 0.1 waves in RMS, object height < 0.03 mm «
658 nm 0.1 waves in RMS, object height < 0.03 mm «
7 other requirements off-the-shelf lenses -«

Note: RMS: root mean square
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since the design keeps the angle of incidence of marginal
rays close to the angle for which the objective lens is
designed. In addition, the four element design suppresses
variation of spherical aberration during zooming. Based on
the four element configuration, an NA 0.4 system has been
designed with a recording depth range of 0.4 mm. Such a
design is feasible by using four elements for the core part
of the design along with commercially available objective
lens designed for non-zooming purposes. In addition,
tracking and focusing capabilities are implemented by
using only off-the-shelf components. For the design, as
built wavefront error over the recording depth range is
estimated as small as 0.1 waves in root mean square for
532 nm wavelength. The design allows the use of 405 nm
with minor modifications.
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