
Holographic 3D disks 

Demetri Psaltis, George Barbastathis, and Allen Pu 

Department of Electrical Engineering 
California Institute of Technology, MS 136-93, Pasadena, CA 91 125 

e-mail: {psalt is  ,george, allenpu}@sunoptics. caltech. edu 

ABSTRACT 

Shift multiplexing is a holographic storage 
method implemented with spherical wave ref- 
erence beams. We present the main proper- 
ties of shift multiplexing, compare it with angle 
multiplexing, and describe the design of a holo- 
graphic 3D disk system that is capable of storing 
12.4 bits/pm2 using this method. 

Keywords: shift multiplexing, holographic 3D 
disks, surface storage density. 

1 Introduction 

Holographic storage was suggested' as a 
method to store data in 3-D. Each hologram con- 
tains a data page (usually binary pixels), im- 
printed on a plane wave signal beam by a spatial 
light modulator (SLM) and recorded as the re- 
sult of interference between the signal beam and 
a reference beam. When the hologram is illumi- 
nated by the reference, the stored data page is 
reconstructed, and is captured by a CCD camera 
(Fig. 1-a). In a volume holographic memory, mul- 
tiple holograms are superimposed on the same lo- 
cation of the recording medium. The holograms 
can be retrieved separately by utilizing the Bragg 
selectivity.2 For example, if the reference is a 
plane wave, then changing the angle of incidence 
by an amount AQ (determined by the geometry 
and the thickness L of the holographic medium) 
causes the reconstruction to become Bragg mis- 
matched. A new hologram can be stored with 
the rotated reference and retrieved with mini- 
mal c r ~ s s t a l k . ~  If M is the number of holo- 
grams that are superimposed at different refer- 
ence incidence angles at the same location of the 
3-dimensional medium, then the surface storage 
density increases according to 

where D ~ D  is the surface storage density ob- 
tained when a single hologram is recorded. In 
a recent e~pe r imen t ,~  V ~ D  = 10.6 bits/pm2 was 
demonstrated with a combination of angle2i5 and 
peristrophic6 multiplexing using M = 32 and 
V ~ D  = 0.33 bitslpm'. The material used was 
DuPont's HRF-150 100 pm thick photopolymer. 
Surface densities in excess of 100 bits/pm2 are 
possible7 if thicker materials are used. 

In this paper we will describe how to achieve 
high capacity storage using a different method, 
shift multiplexing.8 This method is very conve- 
nient in the holographic 3D disk a rch i tec t~re .~  

Holographic medium 

CCD camera 

Figure 1: Concept of a holographic memory. 

2 Theory of shift multiplexing 

Holograms recorded or read-out with spherical 
reference beamsg-'' have interesting properties. 
For instance, such a hologram acts as an opti- 
cally controlled zoom lens when the focus of the 
reconstructing wave along with its wavelength 
are changed' and yields the correlation without 
the need for a Fourier transforming lens when 
read out with a signal beam." A volume holo- 
gram recorded with a plane wave reference can 
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be Bragg matched entirely using a spherical wave 
at wavelength different than the recording wave- 
length. " 

,' Y 
I .' 

Figure 2: Basic geometry for shift multiplexing 
using a spherical wave reference. 

Recently, it was pointed out that, when the 
recording reference is a spherical wave, Bragg 
mismatch occurs when the hologram is trans- 
lated relative to the spherical reconstructing ref- 
erence at the same wavelength.' The geometry 
for the demonstration of this effect is shown in 
Fig. 2. The holographic medium occupies the re- 
gion -00 < x, y < +m, IzI < L / 2 .  The angle of 
incidence (in air) of the signal beam with respect 
to the optical axis, defined by the spherical refer- 
ence, is 8' (in radians), and z' is the distance of 
the focus of the spherical wave from the coordi- 
nate origin (also measured in air). Let 8 and zo 
denote the angle and focal distance, respectively, 
measured inside the holographic material. Under 
the Born and paraxial (8  << 1) approximations, 
and ignoring variable modulation depth effects, 
the three-dimensional diffraction problem can be 
solved analytically.8 The diffraction efficiency of 
a plane wave hologram recorded with a spherical 
wave reference emanating from a point source of 
infinitesimally small spot size is given by the fol- 
lowing expression: 

where 6 is the translation of the hologram rela- 
tive to the reference in the x-direction (defined 
as the normal to the optical axis lying on the 
plane defined by the optical axis and the signal 
beam wavevector - see Fig. 2). The reconstruc- 
tion vanishes at integer multiples of the Bragg 
shift selectivity 

Figure 3: Shift-multiplexed holographic 3D disk. 

where AO is the angle Bragg selectivity of a 
system with a plane wave reference propagating 
along the z-axis in Fig. 2 and the same signal 
beam. Equation (3) can be corrected for refrac- 
tion and the finite spot size X/2(NA) of the ref- 
erence source, yielding the expression: 

where no is the index of refraction of the holo- 
graphic medium, and A0 is the wavelength in 
vacuum. The distance Ad can be very small, 
in the order of a few microns. For example, 
Ad = 3.6 pm has been demonstrated experimen- 
tally8 using Fe-doped LiNbOs of L = 4.5 mm 
as recording material, z' = 1 cm, 0' = 40°, and 
(NA)=0.6. 

The shift multiplexing method is particu- 
larly applicable to the holographic 3D disk 

In such a system (Fig. 3), 
the holographic medium is disk-shaped, and a 
recordinglread-out head produces the spherical 
reference beam. An SLM modulates the sig- 
nal beam for recording, and the CCD captures 
the reconstruction as in any holographic mem- 
ory (compare, e.g. with Fig. 1). Holograms are 
recorded after shifting the disk by an amount 
equal to a multiple of Ad between successive ex- 
posures. To retrieve the data, one simply rotates 
the disk; each hologram becomes Bragg-matched 
when the location of the reconstructing refer- 
ence coincides with the location of the recording 
reference. Compared to an angle/peristrophic- 
multiplexed 3D d i ~ k , ~ ~ ~ ~ ~ '  the architecture of a 
shift-multiplexed 3D disk is simpler, since the 
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only motion the head needs to perform is in the 
radial direction, in order to access different tracks 
on the disk. 

Shift selectivity also occurs in the y-direction, 
i.e. normal to the plane defined by the signal 
beam and the optical axis of the reference. This 
is equivalent to the peristrophic6/fracta1l4 meth- 
ods when a plane wave reference is used. The ef- 
fect utilized in this case is that the reconstruction 
shifts in the Fourier plane as the spherical wave 
reference is translated in the y direction. The 
shifted reconstruction can be blocked by a suit- 
able aperture, as shown in Fig. 4, and a new holo- 
gram can be recorded with the translated spher- 
ical reference. The y-shift selectivity Ah, is cal- 
culated by requiring that the hologram spectrum 
shifts completely out of the necessary aperture. 
The result is: 

As, = (5) 
N p  bzo/no F ,  Fourier plane 
2Xozo/nob, image plane . 

i 
Holographic 
Material 

Beam /- 

Figure 4: Fractal (y) shift multiplexing. 

In addition to the fractal-type selectivity cal- 
culated above, Bragg mismatch occurs as the ref- 
erence is translated in the y-direction. The Bragg 
selectivity is given by the expression: 

A,jBragg Y = e z o  (6) 

If the numerical value of AbFragg << AS,, then 
the smaller value of (6) can be used for the 
shift selectivity in the y-direction. If, however, 
AS,Bragg and Ab, are comparable, then crosstalk 
considerations require that (5) be used instead. 

In the holographic 3D disk architecture, y-shift 
multiplexing corresponds to overlapping tracks of 
holograms in the radial direction. The layout of 
the 3D disk is shown in Fig. 5. Each hologram 

Ai3 

Figure 5: Layout of holograms shift-multiplexed 
on two dimensions on a holographic 3D disk. 

is addressed by two coordinates: its track p and 
its position q inside the track. Therefore only 
two motions are required to access any hologram 
on the disk: radial head motion in order to ac- 
cess different tracks, and disk rotation in order 
to access different holograms on the same track. . 

3 Photopolymer-based shift 
multiplexed holographic 3D disk 

The material of choice for the construction 
of the holographic 3D disk is DuPont's HRF- 
150 photopolymer. For the design of the shift- 
multiplexed 3D disk, we will use parameters close 
to those of the high-capacity experiment4 with 
the same material. Thus we have L = 100 pm, 
A0 = 0.532 pm, no = 1.525, 0 = 34.6', zo = 
2.0 mm, Np = 768, b = 45 pm, F = 5.46 cm. 
The shift selectivities for the Fourier plane stor- 
age geometry are: 

AS = 18.0 pm, and ASy = 0.82 mm. 

The numbers of overlapping holograms in the z 
and y directions (assuming 3rd-Bragg null stor- 
age in the z-direction), respectively, are 

Mz = 23.9 and M y  = 1.57, 

yielding a final density of 

2 ) s ~  = M V ~ D  = (hf,Xhf,)D2~ = 12.4 bits/pm2. 

Here a 2 D  = 0.33 bits/pm2 for the parameters of 
this d e ~ i g n . ~  

Consider again the 3D disk layout given in 
Fig. 5. Let RI be the radius of the innermost 
track, and let P denote the total number of 
tracks. The radii of the remaining tracks are 
given by Rp = RI -+pady. Therefore the number 
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of holograms per track (still assuming 3rd Bragg 
null storage) is given by 

Q p  = - 3A6 +px’ 
The total number of holograms is 

2xRP 2 ~ R 1  2nAdY 
p =  1,  . . . ,  P. 

(7) 

(8) 
P 

p = l  

27~ P R 1 +  $P(P + 1)A& 
3 Ad 

N = C Q ~ = -  
In our design, RI = 1.5 cm, Rp = 5.0 cm + 
P = 42, which yields N = 1.6 x lo5.  The overall 
raw capacity of the shift-multiplexed 3D disk is, 
therefore. 

C = NNp” = 8.7 x 10” bits (9) 

One advantage of the photopolymer is high 
diffraction efficiency. A conservative estimate for 
the expected diffraction efficiency of holograms 
in the shift-multiplexed 3D disk we are design- 
ing is q = 3 x Then the required inte- 
gration time for a standard CCD camera and 
10 mW readout power id5 ti = 8 psec, corre- 
sponding to a continuous data transfer rate of 
more than 70 Gbits/sec, if the data can be trans- 
ferred from the detector. The maximum rota- 
tion speed allowed for the integration time to be 
achieved at the outermost track is w = v/Rp, 
where v = 3A6/ti = 6.75 m/sec is the linear ve- 
locity. The result is 8100 rpm, or 7.4 msec per 
rot a t’ ion. 
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