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Recording density limit of photon-echo optical
storage with high-speed writing and reading

S. Kréll and P. Tidlund

The first analysis to our knowledge of the optical data storage density of photon-echo storage is
presented. Mainly considering signal-to-noise ratio performance, we calculate the obtainable storage
density for data storage and processing using photon echoes to be approximately 100 times the theoretical
limit for conventional optical data storage. This limit is similar to that theoretically calculated for data
storage by use of persistent spectral hole burning. For storage times longer than the upper-state lifetime
the highest densities can, however, be obtained only if all the excited atoms decay, or are transferred, to a
different state than that from which they were originally excited. The analysis is restricted to samples
with low optical density, and it also assumes that for every data sequence, writing is performed only
once. It is therefore not directly applicable to accumulated photon echoes. A significant feature of
photon-echo storage and processing is its speed; e.g., addressing 1 kbyte/(spatial point) permits terahertz

read and write speeds for transitions with transition probabilities as low as 1000 s~1.

1. Introduction

Time-domain optical data storage! and processing by
use of photon echoes have received increasing atten-
tion during recent years.2® A conceptual view of the
technique is shown in Figure 1. A particularly attrac-
tive feature of time-domain and frequency-domain
optical storage is the ability to store many bits of
information in a diffraction-limited spot® and thereby
increase the data storage density. In frequency-
domain optical storage (FDOS) a large number of bits
are stored at each spatial location by a change in the
frequency of the light for each bit, while in time-
domain optical storage (TDOS) with photon echoes,
the temporal Fourier transform of the input data
sequence from a light source emitting at a fixed
frequency is written into the inhomogeneous absorp-
tion profile. To store and to recall the input data
faithfully, the Fourier transform of the input data
sequence must therefore be narrower than the inho-
mogeneous linewidth. This requirement on the Fou-
rier transform of the input data sequence sets an
upper limit for the TDOS read—write data rate that
essentially equals the inhomogeneous bandwidth of
the transition. For FDOS the maximum data rate
instead equals the inhomogeneous linewidth divided
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by the number of bits stored in each spot. The effect
of this is that for a typical storage material the
theoretical value for the maximum write-read rate of
TDOS exceeds that of FDOS by 102-10¢ (compare,
e.g., Ref. 9). There have been two in-depth analyses
of the storage density that can be obtained with the
FDOS approach and the material requirements neces-
sary to obtain these densities.1!! The material re-
quirements and obtainable storage densities for TDOS
may be different from those in FDOS, since the
physical mechanism for storage is different for the
two methods. Material requirements and theoreti-
cal limits for TDOS storage are therefore analyzed in
this paper. Because of the high write-read rates for
TDOS, some aspects of data processing with photon
echoes are also considered. There are approaches to
TDOS that are not covered in the present analysis,
e.g., accumulated photon echoes, in which each data
bit is written into the sample several times,3-6 or
hybrid techniques in which the spectral profile is
divided into several sections. Addressing different
sections is then done by scanning of the laser fre-
quency, i.e., a FDOS approach, but within each
section, data are addressed by use of photon echoes.1213
These alternative implementations of TDOS may be
expected to be capable of higher storage densities, but
on the other hand, they may be expected to have
lower datarates. Photon echoes also have the unique
property of retaining all phase information in the
excitation pulses. This is an aspect of TDOS that
still has not been investigated in much detail.
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Fig. 1. Conceptual picture of time-domain optical storage and
processing. The write pulse stores the temporal Fourier trans-
form of the data input sequence in the material. The read pulse
recalls the stored sequence. Each output data pulse is the correla-
tion of the corresponding input data pulse and the write pulse
convoluted with the read pulse.

Future data storage schemes not anticipated at this
time may alter the capabilities of TDOS storage
significantly. Implementations of TDOS not cov-
ered by the present analysis and the effect of these on

the range of validity of the analysis are given in Table
1.14,15

2. Model

The most important quantities used in the calcula-
tions below are summarized and defined in Table 2 as
a handy reference for the reader as the calculations
develop. The range of validity for several of the
quantities is also given in Table 2.

A. Number of Photons per Data Bit

The analysis is primarily based on signal-to-noise-
ratio (SNR) considerations. An expression for the
number of photons in a stimulated photon echo is
therefore needed. Such an expression is now de-
rived based on the description by Abella ef al.1® The
photon echo is emitted from an ensemble of excited
atoms that together have a macroscopic dipole mo-
ment. The number of photons S, emitted from such
a superradiant state during a time ¢ is approximately

N2p()
7. &

S, =

Table 1. Limitations of the Analysis

Methods Not
Assumptions Covered Comments
Single-shot read Accumulated pho-  These methods
and write. ton echoes®® and would have
hybrid tech- higher storage
niques.1213 capacities at the
expense of slower
data rates.

Stored information Phase-coded infor- Photon-echo stor-

is intensity mation stor- age is unique in

coded. age!415 and the way it pre-
methods that use serves the phase
external fields.® information of

the stored infor-
mation. Thisis
still a largely un-
explored area.

aSee the Note added in proof at the end of this paper.
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N, is the number of excited atoms, and p(z) is the
probability that any single atom will radiate during
time £.1617

Consider a material doped with active centers of
some concentration n, which has a transition with an
inhomogeneous linewidth 1/(wT), where T is the
inhomogeneous relaxation time. Assuming the la-
ser linewidth is Fourier limited, the number of cen-
ters in a sample of length L, excited by a laser pulse of
cross-sectional area A, and duration T, is

T
N,=anA,L P (2)

T /7 is the fraction of centers within the inhomoge-
neous linewidth excited by the pulse of duration T,
and a depends on the pulse area of the excitation
pulse (@ < 1). The probability that any single atom
makes a transition by spontaneously emitting a pho-
ton during the time 7 is At, where A is the transition
probability. For optimum pulse area a = 1 the
number of photons emitted in a two-pulse photon
echo (S;-p) can then be written!® as

n T\2 3\
S-(arTfl2) o
The factor 3\ /(A((8Le) arises when the photon-echo
signal is integrated over all angles of propagation
[assuming A, < 4AL (Ref. 16, App. C)]. \ is the
transition wavelength, and /e is the index of refrac-
tion at this wavelength.

We now wish to modify this expression such that it
expresses the number of photons in a stored data bit
that is recalled by a stimulated photon echo. The
write and the data pulses perform the task of storing
the Fourier transform of the data sequence as a
frequency-dependent modulation of the upper- and
lower-state populations within the inhomogeneous
profile.? When the upper-state population decays,
there is a certain probability n for each atom not to
return to its original state. When the upper state
has decayed, there is therefore a remaining frequency-
dependent modulation in the lower state that essen-
tially equals the modulation before the upper-state
relaxation, multiplied with the factor m (n < 1).
The read pulse then transfers the lower-state atoms
to the excited state, and a fraction m of the excited
atoms then forms the superradiant macroscopic state
reradiating the previously stored data sequence.
Because the number of excited atoms emitting the
echo equals the number excited after the first two
pulses multiplied by a factor m, the number of pho-
tons S in the stimulated echo is

S = S,_,m? sin’ 8, sin? O, sin? 6. (4)

0 represents the pulse areas of write, data, and read
pulses (compare, e.g., Ref. 18). Our analysis primar-



Table 2. Definition of Variables

Symbol Quantity Comment

N Number of bits stored at each spatial location.

A Einstein coefficient of the transition.

T Duration of one data bit.

n Probability that an atom excited by a data pulse will store The analysis shows that the material parameters predomi-

information. nantly determining the obtainable storage capacity are
and the product NAr.

N Wavelength of the excitation light. In the calculations, A = 600 nm.

k A, = (kN2 A, is the area in which the N data bits are stored.

N/k2 Fractional increase in storage density in comparison with It is assumed that conventional optical storage is capable of

conventional optical storage. storing 1 bit/A2.

L Length of storage volume (L = 24,/)). For consistency with previous investigations!®!! the length
is chosen in terms of the Rayleigh length of the focused
laser beam.

S Number of photons in the detected signal (S = 400) This value certifies that the required SNR is the same (20
dB) as in Refs. 10 and 11.

n Density of centers that may store information.

Mmax Maximum density of centers for storing information Higher concentrations are assumed to lead to too large an

(Pmax = 1026 /m3) interaction between the active centers. The present
value is already a bit high for larger molecules, but when
the active center is an atomic ion or a small molecule,
this concentration is feasible.

noL The sample transmission is exp(~noL). The maximum The reason for this upper limit is that the analysis is made

value of noL in this paper is (noL)pax = 0.3, which corre- assuming an optically thin sample. Higher absorption is

sponds to 25% absorption. expected to yield somewhat higher storage density. But
the limit used here is expected to give results of the cor-
rect order of magnitude.

Ty Homogeneous dephasing time.

T Inhomogeneous dephasing time.

Iin Maximum light intensity that can be applied without in- Chosen to be 10* W/cm? for crystalline materials sub-

creasing the sample temperature. merged in superfluid liquid helium.1?

Mo Probability the reading process will destroy the stored in- Assumed to be zero when the equations are displayed in the

formation. figures.

m Number of times a stored bit of data is read. '

3 Detector quantum efficiency. In the calculations, £ = 0.75.

€ Index of refraction squared. In the calculations, € = 2.25.

ily explores the SNR limits of photon-echo storage
and processing, as previously noted. To maximize
the SNR, we assume henceforth that read and write
pulse areas are chosen such that the number of signal
photons is maximized; i.e., 6, = 6, = w/2. The pulse
area for each individual data pulse 8, is chosen such
that

8, =m/(2N). (5)

N is the number of bits addressed in each spatial
point. This is the largest area that can be selected
because a total data pulse area 6 (whole data se-
quence) = NO; > /2 is expected to destroy the
fidelity of the data reconstruction.!?

To limit the diameter of the focused read and write

10 December 1993 / Vol. 32, No. 35 / APPLIED OPTICS

beam at the sample edges, we chose the sample length
to be twice the Rayleigh length,

L =2A,/\. (6)
Further, the area of the laser focal spot is rewritten as
A, = (kN2 (7)

For £ = 1, A, (approximately) corresponds to the
smallest area to which a laser beam can be focused.
From Egs. (1)<(7) we can express the number of
photons detected for each single data bit as

312 T2
il E_nzke)\e 22 A 8)

S=6_4‘/E TNZT
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¢ is the detector quantum efficiency, and sin 6, is
approximated by w/(2N ).

B. Signal-to-Noise-Ratio Limit of High-Density
Time-Domain Optical Storage

An interesting parameter from a data-storage-density
point of view is N/k2. This is an expression for the
storage density when N bits are stored in each spatial
point of area A, by use of TDOS, which is divided by
the maximum storage density theoretically obtain-
able with conventional optical storage at the same
wavelength. Thus N/k2 is the fractional increase in
storage density obtainable with photon-echo storage
instead of conventional optical storage. Equation (8)
can then be rewritten as an upper limit of the
fractional increase in storage density:

N  w [3E\1/2 A'x'l/2
e o

Inequality (9) is used as a starting point for showing
that any material capable of a fractional storage-
density increase of N/k? with TDOS is constrained to
a given region in a space spanned by the two param-
eters NAt and m. Other particularly relevant mate-
rial parameters in inequality (9) are the density of
active centers, n, and the inhomogeneous relaxation
time, T. According to inequality (9), the higher the
value of T, the higher is the storage density that can
be obtained. Thus to obtain as high a storage den-
sity as possible, T in inequality (9) is set equal to T,
which corresponds to utilization of the full inhomoge-
neous bandwidth of the storage material (if T > 7, the
Fourier transform of the data sequence exceeds the
inhomogeneous bandwidth of the transition, and the
data sequence cannot be faithfully reproduced). For
T = 7, inequality (9) can be rewritten as a lower limit
on NAr as a function of n for any given value on N /%2,
yielding

64 e 1 1 (N
Nz > 3m2 £ n2\6 2 (kz) S. (10)
Alternatively, using20:21
21 ¢
T=4 ln2) A’ (11)

where ¢ is the absorption cross section for the
transition and A = L/(2k?) from Egs. (6) and (7), we
can rewrite inequality (9) as
N =« 3ng \/2 )7 ml 1
7 <ilmze "rRE
Inequality (12) can now be used to give an upper limit
on NAr versus n for any given value of N/k2:
3m® & o 1 (ncrL)
162" S(N/R2)

(12)

NAT < —/—— (13)
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Inequalities (10) and (13) now define the permissible
area in NAr-versus-m space for the storage materials.
Our purpose is first to find the largest area possible.
The remaining material parameters are therefore
chosen to maximize the permissible area. Ininequal-
ity (10) the remaining material parameter is the
concentration of the active center, n. To minimize
the lower limit, we should use as high a value of n as
possible. Too high a concentration of centers, how-
ever, promotes intercenter interaction that may de-
stroy the stored information; compare Ref. 10.
Here, a maximum concentration of ~0.5% is chosen
as the upper limit, corresponding to 7. = 1026/m3.
In inequality (13) the logarithm of the sample absorp-
tion noL should be chosen to be large as possible to
maximize the upper limit of NAr. However, our
derivation of the number of photons in the photon-
echo signal is valid only for optically thin samples.
Thus we somewhat arbitrarily restrict the sample
absorption to 25%, corresponding to (PoL)n. = 0.3.
The only source of noise considered here is shot noise.
For consistency with the previous analyses for
FDOS11! we need a SNR of 20 for TDOS; thus the
minimum number of photons that must be detected is
400,i.e.,8 = 400. Theremaining parameters, detec-
tor quantum efficiency, index of refraction, and wave-
length, are chosen to be 0.75, 1.5, and 600 nm,
respectively, which should facilitate comparisons with
Refs. 10 and 11. The permissible material param-
eter space as limited by inequalities (10) and (13) is
plotted in Fig. 2 for storage densities of 1, 10, and 100
times the limit for conventional optical storage at 600
nm. We see that the highest storage density that
theoretically can be obtained is slightly greater than
100 times the conventional limit. At A = 600 nm,

1073

pljung pisum 1y
\,

PRSI
A

NAT

RIS TSRS SRR ]
/

10-10

10-1

10-12 T 7T TTT
1073 10-2 1071 1

Fig. 2. Permitted material parameter space for time-domain
optical storage for storage densities equal to 1, 10, and 100 (solid,
long-dashed, and short-dashed curves, respectively) times the
theoretical limit for conventional optical storage. The permitted
area for each case is the triangle-shaped region to the right of the
curve. m is the branching ratio; on the vertical axis N is the
number of bits addressed in each spatial point, A is the transition
probability, and 7 is the duration of each data bit.



TDOS consequently should be capable of ~30
Gbits/cm2.

C. Data Readout Process

So far we have not taken into account the fact that
the reading process would generally tend to destroy
the stored information. As an example, the case of
rare-earth-ion-doped inorganic crystals is considered.
The result and conclusions, however, should be appli-
cable to most potential storage materials. For the
rare-earth-ion-doped crystals primarily investigated
to date for TDOS, data have been stored as a modula-
tion of the population in the ground-state hyperfine
levels. In these crystals, information may be de-
stroyed both when the ground-state atoms are excited
by the read pulse and when the ions excited by the
read-pulse decay after emission of the stored data
sequence. Information is stored in relaxation pro-
cesses that reorient the rare-earth-ion nuclear spin
with respect to the local field gradient at the ion site.
The probability of reorienting the nuclear spin at
direct optical excitation or de-excitation may be small;
let us denote this probability n,. Most of the excited
ions will, however, decay through cascade processes
involving several states. In this decay there is a
probability for re-orienting the nuclear spin in each of
the stepsin the cascade process.22  The total probabil-
ity for changing the spin orientation during the decay
process is then basically obtained by addition of the
probabilities in all the individual steps. This total
probability is the earlier-mentioned branching ratio n
which is generally larger than m,. The read pulse
consequently destroys the population modulation with
a probability mg, and the relaxation process after-
wards does the same with the probability . Thus
based on the above discussion, Eq. (8), which ex-
presses the number of photons in a recalled data bit,
can be rewritten to incorporate the effect of destruc-
tive reading. With replacement of m2 by n?2
(1 — m)2m=1(1 — my)> the number of photons contrib-
uting to the signal for read number m is

3n? ¢ T2 A
= S 206362 o (1 — w )2m(] — m)2m=1)
S 64‘/€nk7\nN27(1 M0)?™(1 — m) .
(14)

Although the discussion above concerns rare-earth-
ion-doped inorganic crystals specifically, the modifica-
tion of Eq. (8) for including many reads in Eq. (14)
should be more or less applicable to most potential
storage systems. For many systems, m is zero since
the state at which the information-storing relaxation
process (branching) occurs cannot be excited by the
read pulses. mj can be expected to be small in many
other systems also, and it is henceforth neglected.
With replacement of 2 in inequalities (10) and (13) by
n2(1 — m)2"-1 the permissible area for TDOS materi-
als can also be plotted with the number of reads m as
a parameter. In Fig. 3 the permissible area for
TDOS storage with destructive reading is shown.
The storage density is chosen to be equal to the

10 December 1993 / Vol. 32, No. 35 / APPLIED OPTICS
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Fig. 3. Permitted material parameter space for time-domain
optical storage with destructive reading. The storage density
equals the theoretical limit for conventional optical storage. The
numbers of consecutive readings are 1, 5, and 25 (solid, long-
dashed, and short-dashed curves, respectively). The permitted
area decreases as the number of reads increase. m and NArt are
the same as in Fig. 2.

theoretical limit of conventional optical storage.
Data are assumed to be read 1, 5, and 25 times. For
50 consecutive destructive read pulses there is no
permissible area. Further, for a storage density of
ten times the conventional limit, only five consecutive
destructive reads are possible before the permissible
area shrinks to zero. These results clearly show that
destructive reading is more or less impossible for a
high-performance TDOS storage system. The equa-
tions and graphs in the remaining part of the paper
are therefore valid either for so-called photon-gated
storage?319 or for data-processing-type applications,
which are assumed to be performed before the ions in
the upper state have decayed. In photon-gated TDOS
an extra laser pulse, normally at a wavelength differ-
ent from that of the write, data, and read pulses, is
applied after the write and data pulses (but before the
read pulse). This pulse transfers the upper-state
atoms to some reservoir state, thereby yielding a
branching ratio m of, in the optimum case, unity.
(Photon-gated storage has not been experimentally
demonstrated for TDOS but the scheme suggested
above should be a straightforward extension of photon-
gated storage in FDOS.23) Inthe reading process the
atoms transferred to the reservoir state then cannot
be excited to the upper state, as a wavelength differ-
ent from that of the read pulse would be needed.
The branching ratio with no gating pulse should be
very small, preferably zero. The stored information
then cannot be destroyed in the reading process.
For such a case, Eq. (8) is still valid, and the material
parameter space is again given by Fig. 2. instead of
Fig. 3, in which m now is the efficiency of the
photon-gating process. For processing-type applica-
tions, all the atoms that are in the upper state after
the data pulse sequence participate in the storage and
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processing operations. This corresponds to the case
n = 1 in Fig. 2 and is consequently particularly
favorable.

D. Thermal Restrictions on Time-Domain Optical Storage

In the derivation of inequalities (10) and (13) it was
assumed that the electromagnetic field of each single
data pulse E; was sufficient to rotate the Bloch vector
of the system an angle w/(2N) [Eq. (5)]. (Any smaller
value for the pulse area of the data pulses would
decrease the permissible area in Figs. 2 and 3.) Itis
reasonable to demand that the data pulse intensity I
necessary for obtaining this pulse area should be less
than I;,, where I, is the maximum intensity for which
the laser-pulse-generated thermal energy that is dissi-
pated in the sample can be removed by cooling
without an increase in the sample temperature.
Based on the arguments above, the following equa-
tions are obtained:

dﬁh}‘ﬂ =% (15)
(h = h /2w, where h is Planck’s constant) and
I < Iy. (16)
d is the transition dipole moment, i.e.,2
d2 = 316?;:3‘3 A. (17)
Combined with
I = Ysceohl 2 (18)

(where ¢ is the dielectric constant of vacuum and ¢ is
the speed of light), Egs. (15) and (17) and inequality

(16) yield
m\1/2{ he\1/2( A \1/2
NA~ > 11'(6) ()\3) (Ith) (19)
Below the limit for the value of NAT given in inequal-
ity (19), it is no longer possible to cool the sample
when data are continuously written and read from
the sample. There has not been much discussion on
how to choose I, in this type of application. A
typical value in optical computing is 100 W/cm? (Ref.
24). In the discussion section in Ref. 10 an intensity
corresponding to 10* W/cm? is suggested for FDOS
materials submerged in liquid helium at tempera-
tures below the lambda point. Inequalities (10),
(13), and (19) constitute a quite general restriction for
TDOS materials. Inequality (19) is plotted in Fig. 4
for I;, equals 100 W/cm? and 10* W/cm?2.

3. Material-Dependent Restrictions on Time-Domain
Optical Storage

So far, the graphs in this paper have been valued for
stimulated photon echoes assuming storage material.
As soon as one settles for a specific storage material

7238
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Fig. 4. Thermal considerations set a lower limit for the product
NAz< (defined in Figs. 2 and 3) as a function of transition probability
A. This lower limit is plotted assuming the highest laser intensity
permitted is I = 100 W/cm? (dashed line) and I, = 10,000
W/cm? (solid line), respectively.

the restrictions can be made more specific and new
restrictions can also be defined. This is discussed
below.

A. Signal-to-Noise Ratio

Inequality (9) was analyzed by use of optimized
material parameters. More generally, inequality (9)
can be rewritten as an upper constraint on :

3w & T2

-2 62 — —— .
7T < 64 ‘/Enmax)"n S (N/k2)3

If A is so small that n,,,0L < 0.3, then inequality (20)
is a more restrictive condition on 7 than

(20)

20w & , 11 1 91
"<Teoomze" SNAWN/E) &~ 2Y
which is inequality (13) rewritten with noL = 0.3.

B. Relaxation
A lower limit on 7 is, of course,

> T. (22)

This ascertains that the information can be stored
within the inhomogeneous bandwidth. An addi-
tional higher limit is

T,
T < oN (23)

This limit ascertains that the N bits are written in a
time less than the homogeneous dephasing time of
the transition, T,. Inequalities (19)-(23) determine
the possible bit rate as a function of the number of
bits stored in each single point (assuming nondestruc-
tive reading), and the storage density may be used as
a parameter in inequalities (20) and (21).



10-4

MR L

10-%

10—6-

At

1077

e

10-8

T AR

Bit duration (s)

4 b1y

10-9-

10-104 .-

SIS NI W REIT

10-11

TSI

10’12 T l/lllllll; LT R 51 p B R0 | e e e Ry

100 10t 102 10° 104 105 108
Number of bits/point

Fig. 5. Permitted values for the data bit duration versus the
number of bits per point for optical processing with the 3H:~1D,
transition in Pr:YAIO;. Thick solid lines represent the following:
the lower limit on bit duration (v), set by the inhomogeneous
bandwidth, and the upper limit on bit duration times the number
of bits per point (tN), set by the homogeneous bandwidth. The
thick dashed line is the thermal limit, giving a lowest value of
7N. The three pairs of thin lines, the dotted, dashed, and solid
ones, are SNR limits for storage densities (N/k?) equal to 1, 10, and
100 times the theoretical limit for conventional optical storage,
respectively. The SNR restrictions result in an upper limit on the
bit duration. The permissible areas in (N, 1) space for the above
three storage densities are shown as diagonally striped, cross-
ruled, and filled-in areas, respectively.

C. Specific Example: 3H;-'D, Transition in Pr:YAIO3

Specific values of several material parameters are
necessary for a graphical display of the equations
derived in Section 3. The 3H,1D, transition in
Pr:YAIO; is chosen to illustrate the calculations
because the material parameters for this transition
are relatively well known. Inequalities (19)—(23) are
plotted in Fig. 5. The numerical values for the
material parameters for the Pr:YAIO; 3H —1D, transi-
tion are taken from Table 2 in Ref. 25 and they are as
follows: transition probability, A = 20 s~1; inhomo-
geneous relaxation time, T = 60 ps; homogeneous
relaxation time, T, = 35 ws. The branching ratio
is calculated to be 6% from the theoretical estimates
in Ref. 22. Since there currently appears to be no
nondestructive reading process for this Pr transition,
we chose to consider the data processing case m = 1in
Fig. 5. The relation between the different material
parameters and the storage performance can still be
discussed with no loss of generality. I, in Eq. (19)
was chosen to be 10* W/cm?2 The dark area is the
permissible parameter space for storage densities
greater than 100 times the conventional limit, the
cross-ruled area is valid for densities that are more
than ten times the limit, and the striped area is the
permissible parameter space for a storage density
better than the conventional limit. The thick hori-
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zontal line, independent of the number of bits ad-
dressed in a single point, represents inequality (22).
An additional lower limit on 7 is the thermal limit,
inequality (19), which is the thick dashed line. The
upper limits are inequality (23) (thick solid line) and
the SNR limits, inequalities (20) and (21), for N/k2
equal to 1, 10, and 100, which are represented by
dotted, dashed, and thin solid lines, respectively.

4. Analysis of Results

The key result of the paper is presented in Fig. 2.
Several things can be inferred from this figure. It
shows that the highest storage density obtainable
with photon-echo storage is approximately 100 times
the theoretical storage density for conventional opti-
cal storage. It also shows that a high branching
ratio for the writing process is necessary to achieve
high storage densities. The maximum fractional
increase in storage density compared with conven-
tional optical storage N/k2 is given in Table 3 for
different branching ratios . As another example of
how Fig. 2 can give information on the material
parameter requirements, assume that a readout time
of 1 ns/bit is desired at a storage density of 100 times
the conventional limit. As the branching ratio must
be close to unity, it would be necessary to use a
transition at which photon gating could be performed
with an efficiency close to unity. (This would be the
case unless the information should be read only one
time and unless this would occur before the upper-
state relaxation. In such a case there are no con-
straints on the branching ratio.) Next, assume that
at this storage density N/k?2 = 100, we wish to
address 1 kbit at each spatial point, with N = 1000.
Because NAr from Fig. 2 must equal 10-5, the
transition probability must equal 10 s~ for a bit rate
of 1 GHz. For a given number of bits per point and a
given storage density, the rate increases proportion-
ally with the transition probability. This is also
illustrated in Table 4. There, data rate 1/7 versus
transition probability A is shown, assuming a storage
density of 10 times the conventional limit, 1000
bits/point, and 10% writing efficiency. Notably also,
low transition probabilities give quite high rates.
As NA~ from Fig. 2 must be a little less than 10-¢ for
the above values of N/k2? and m, the thermal limit
Iy, = 10 W/cem? in Fig. 4 yields a maximum value for
the transition probability of ~10/s. Still another
example is given in Table 5. Here the transition
probability is chosen to be 1000 s~1, and the data rate
is given versus the number of bits per point, assuming

Table 3. Maximum Storage Density (N/k2) Versus Writing

Efficiency (v)

m N/k?
0.008 1
0.08 10
0.8 100

%Fractional improvement in storage density in comparison with
conventional optical storage.
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Table 4. Data Rate versus Transition Probability*

Transition Probability A (s—1) Data Rate 1/7 (MHz)
0.001 1
0.01 10
0.1 100
1 1000
10 10000

oThermal limit prevents higher transition probability A when
NAr = 1076 (see Fig. 4). We assume that storage density is 10
times the conventional limit, that there are 1000 bits/point, and
that writing efficiency is 0.1 (i.e., N/k%2 = 10, N = 1000, and q =
0.1).

unity writing efficiency and a 100-times fractional
increase in storage density in comparison with conven-
tional optical storage. As can be seen, the data rates
can be very high, higher than terahertz levels, but it is
also clear that this requires a material in which a
truly large number of bits may be addressed in a
single point.

From Fig. 3 it can essentially be concluded that, if
the stored information should be read several times,
nondestructive reading is a necessary condition for
high-density TDOS storage. Figure 4 shows how
thermal considerations affect the permissible mate-
rial parameter space and complements Fig. 2 by
restricting the values of NAt as a function of A. It
can be seen also that the weaker restriction on the
permissible intensity in Fig. 4, I = 10* W/cm?,
reduces the permissible area in Fig. 2 to the upper
half of the figure, unless strongly forbidden transi-
tions, with A < 0.1 s71, are used. As an example of
the information provided in Fig. 4, assume that
writing can be performed by use of photon gating
with an efficiency (branching ratio) of 10% and that
N/k? should equal 10. From Fig. 2, NAt must equal
10-5, and from Fig. 4, we see then that if information
is read and written continuously, the transition prob-
ability cannot be much larger than 10 s~!. Thus the
lower limif; on the product N7 for this case is 10-6/(10
s71)=10""s.

The limits in Figs. 2—4 are not valid for arbitrarily
small values of A [compare the discussion of inequali-
ties (20) and (21)]. When the parameters for the
transition are known, the representation in Fig. 5 is
more appropriate than that shown in Figs. 2 and 4.
For a given material and transition the issue may be
to select an appropriate combination of the param-
eters bit duration, bits per point, and storage density.

Table 5. Data Rate versus Bits per Pointe

Number of Bits per Point N Data Rate 1/7 (GHz)
100 10
1000 100
10000 1000
100000 10000

“We assume that storage density is 100 times the conventional
limit, that there is unity writing efficiency, and that the trangition
probability is 1000/s (i.e., N/k% = 100, = 1,and A = 1000 s~1).
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From Fig. 5 it can be seen that a larger number of bits
per point requires shorter bit duration to maintain
the SNR. Egquation (15) shows that the required
laser field is unchanged by changes in N or 7 as long as
the product Nt is kept constant, because a larger
number of bits per point means a larger area is
required (at fixed storage density), the laser power for
maintaining this electric field increases. The maxi-
mum requirement on the laser power is most easily
calculated by multiplication of I;;, by the storage area,
which is calculated from the storage density and the
number of bits per point. For example, I; = 10
kW/cm?2, N/k? = 10, and 1000 bits/point yield a laser
power of 5 mW at A = 700 nm. The lower limit on
the bit duration in Fig. 5 is set by the inhomogeneous
relaxation time. For high storage densities the up-
per limit is set by the SNR from inequalities (20) and
(21). For a storage density 100 times the conven-
tional limit the SNR can be sufficient only if a large
number of bits (several thousand) are stored in each
point and if the reading speed is ~ 10 GHaz.

It is of special interest to find as large a permissible
area in (N, T) space as possible for any specified
storage density. As an aid for understanding how
the permissible area is affected by the relevant mate-
rial parameters, inequalities (19)—(23) are again plot-
ted in Fig. 6 for a storage density of 10 times the
conventional limit (N/k? = 10). The permissible
area is the diagonally striped region. It is indicated
how the different borders move as transition probabil-
ity A, inhomogeneous dephasing time T', and homoge-
neous dephasing time T, changes. To understand
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Fig. 6. Same thermal and bandwidth limits as in Fig. 5 are shown
together with the SNR limits for a storage density equal to ten
times the conventional limit. The permissible area in bit duration
versus bits per point space is shown as a diagonally striped
area. For each limit the dependence on the transition probability,
A, the inhomogeneous dephasing time, T, and the homogeneous
dephasing time, T, is shown. Thus the figure shows how the
permissible area changes if these parameters change from their Pr
3H,~1D, transition values.



how the figure should be interpreted, consider the
thermal limit. On this limit, A~%5 is written. This
means that the thermal limit is independent of the
homogeneous and inhomogeneous dephasing times,
but it is inversely proportional to the square root of
the transition probability. Increasing the transition
probability by a factor of 4 therefore moves the
thermal limit downward in the diagram by a factor of
2. This change in A also causes the SNR limit with
negative slope [inequality (21)] to move downward by
a factor of 4 and the SNR limit with positive slope
[inequality (20)] to move a factor of 4 upward. To
increase the bit rate, we must decrease the inhomoge-
neous dephasing time 7. As can be seen from the
permissible area, this also increases the number of
bits that can be stored per spatial location. Decreas-
ing the inhomogeneous phasing time, however, also
rapidly lowers the SNR limit with the positive slope
[inequality (20)]. It is clear from the figure that
there is no general way to increase the permissible
area infinitely, but by appropriate selection of transi-
tion probability and dephasing times the permissible
area can generally be moved to any desired location in
the diagram of bit duration versus bits per point.

5. Discussion

Our analysis is valid only for optically thin samples.
Optically thick samples have the disadvantage of
larger absorption, but the optimum performance of
FDOS has been obtained at optical densities larger
than 0.3, which we considered to be upper limit for
the validity of our analysis. The case of high optical
density is more complicated in TDOS than in FDOS
because pulse propagation effects such as self-induced
transparency strongly affect the physical description
of photon echoes. Previous investigations of photon
echoes in optically dense media (e.g., Refs. 26 and 27)
imply that TDOS could perform better in more dense
samples; however, from the analyses in Refs. 26 and
27 there is no indication that the improvement would
be more than an order of magnitude. Therefore the
limits calculated in this paper may be expected to be
at least approximately valid for optically dense samples
also.

It is at first sight surprising that SNR consider-
ations, starting from only one expression [inequality
(9)] can give both upper and lower limits on the
material parameter space. For example, one could
expect the SNR to always increase with increasing
transition probability. The reason that the increase
in SNR versus transition probability A is changed to a
decrease for sufficiently large values of A is that the
sample begins to absorb too large a fraction of the
radiation (including the signal). If the goal were
optimization of the volume storage density and not of
the area storage density, too large an absorption with
increased transition probability could be compen-
sated for just by a decrease in the sample length.
However, in this paper (as in similar investigations on
FDOS10.11) the area storage density is optimized, and
as the length (again as in previous studies!®!l) is

chosen in terms of the Rayleigh length, it is tied to the
storage area and thus cannot be changed indepen-
dently. Similarly it can be surprising that the SNR
limits in Fig. 5 demand short bit duration for high
storage densities. Intuitively one would expect the
SNR to increase with bit duration. The reason that
this is not the case can be seen in Eq. (2). The pulses
are assumed to be Fourier limited, and since it is
implicitly assumed in the model that the laser inten-
sity is increased such that the pulse area is un-
changed when the pulse is shortened, the number of
atoms that are affected by the excitation pulse is
inversely proportional to the bit duration. Conse-
quently, shortening the pulse effectively means in-
creasing the number of excited centers.

It is clear from Subsection 2.C that multiple reads
with destructive reading are basically impossible for
TDOS. Further, for high storage densities to be
obtained, the branching ratio during writing of the
information must be high, >10%. In Ref. 11 it is
pointed out that the branching ratios for FDOS
materials so far have always been smaller than 1%.
In the few TDOS materials tested so far, it can often
be higher, e.g., the branching ratio for Pr:YAIO;
(3H D, transition) is calculated to be 6% from the
theoretical estimates in Ref. 22. Nevertheless, our
results imply that unless accumulated photon echoes
are employed, highly efficient photon gating is neces-
sary in TDOS. As few materials have been investi-
gated for TDOS, the abundance of materials with
appropriate photon-gating efficiency is unknown.
Finding such materials is therefore an interesting
task for the future. There is certainly a large num-
ber of various types of TDOS measurements in which
the restrictions derived must be adjusted. Specifi-
cally, several cases of slow writing processes, often of
the order of several seconds, but with high readout
rates (faster than terahertz levels for some cases) and
excellent SNR’s, have been demonstrated.3® Our
analysis assumes that both the writing and the
reading processes have duration’s shorter than the
homogeneous relaxation time (while the storage time,
of course, may be arbitrary). The analysis here is
therefore more relevant for the approach in, e.g.,
Refs. 2, 7, 18, 28, and 29.

6. Summary

The first in-depth analysis to our knowledge of the
potential performance of photon-echo storage has
been presented, and some aspects on photon-echo
data processing have also been considered. Quanti-
tative predictions of speed and storage density have
been derived from a signal-to-noise-ratio analysis
based on the number of photons in the photon-echo
data output signal. The influences of different mate-
rial parameters (e.g., transition probability, dephas-
ing times, and branching ratios in the excited-state
decay process) on the storage density, the number of
bits per point, and the reading and writing speed,
have been assessed. For any specified data storage
or processing requirements the analysis should also
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be helpful for understanding which material param-
eters to pay attention to and what their optimum
values would be in order to fulfill the required
performance.

The support by S. Svanberg and M. Aldén is
gratefully acknowledged. This work was funded by
the Swedish Natural Research Council and the Re-
search Council at the Swedish Board for Technical
Developments.

Note added in proof: It has recently been theo-
retically analyzed®® and experimentally shown3! that
so-called coherent saturation can be removed by
biphase coding the data sequence. The effect of this
is that the condition in Eq. (5), 8; = w/(2N), can be
relaxed, and 0, may approach the limit 8; = w/[2(N)],
which may increase the theoretical storage density
significantly, more than an order of magnitude, for
large N.
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