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ABSTRACT We report on three-dimensional (3D) optical mem-
ory recording and reading in glass by femtosecond pulses.
Optically induced dielectric breakdown of glass is a mechanism
of recording. The formulae of dielectric breakdown presented
are applicable, in principle, for any crystalline or amorphous
dielectric material. Scaling dependences of the probabilities of
multi-photon and impact ionization are given. The measured
threshold of an in-bulk dielectric breakdown of silica was repro-
duced numerically by implementing the ionization potential of
Si (8.15 €V) for calculations. Exact measures of focal spot size
and pulse duration at the focus allowed us to evaluate the in-
tensity of a pulse during recording of 3D optical memory bits
with high accuracy. The readout of the 3D optical memory was
carried out by the white-light continuum generated from the pre-
viously damaged sites (recorded memory bits). The mechanism
of the readout was a four-photon parametric interaction.

PACS 42.65.Jx; 42.65.Ky; 42.70.Ce; 42.79.Vb

1 Introduction

Technology used for the production of semicon-
ductor microchips will soon enable industry-grade fabrication
with a smallest feature size of 100 nm. One of new optical
memory formats, the blue-laser DVD (for a digital versatile
disk) format, agreed upon in February 2002, features up to
27 GBytes of memory on one side of a single 12-cm disk,
nearly six times the capacity of current 4.7 GByte disks. How-
ever, these are the achievements of two-dimensional (2D) mi-
crofabrication. Developing technologies of three-dimensional
(3D) fabrication which would enable us to achieve a min-
imum feature size of 0.1-1 pm is still a challenge, and at-
tracts an increasing interest. Tools for manipulation, handling,
and fabrication on this scale are important for the future of
nano-/microfabrication and assembling techniques as well.
There the interest is also prompted by the efforts to bridge dif-
ferences in current microtechnology and the bio-world, where
the most crucial processes occur on this particular length scale
of 0.1-1 pm. In the field of optical memories, a transition
from 2D towards the 3D approach is expected to be partic-
ularly beneficial. Volumetric recording of optical memory in
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glasses can achieve remarkable information densities, as was
reported earlier in the case of picosecond [1] and femtosecond
pulses [2—5]. However, so far, volumetric optical memories
are considered impractical, partly due to the absence of a re-
liable readout mechanism, which requires at least a video-rate
data-transfer speed.

Here, we discuss the 3D recording by dielectric break-
down, which can produce a read-only volumetric memory.
The mechanism of dielectric breakdown was investigated
for years theoretically [6] and experimentally [7]. However,
a quantitative theory has not been developed so far, especially
for the volumetric dielectric breakdown. The threshold of ab-
lation, an inherently surface phenomenon, is much different
from the in-bulk damage [8]. The main difference is due to the
light-pulse self-action via the optical non-linear interaction
with media, mainly the self-focusing [9] and spectral broad-
ening [10], i.e. the white-light continuum (WLC) generation.
Also, the results of the multi-shot optical damage threshold
differ from that of a single shot. An additional issue exists
in the definition of the damage threshold, e.g. a color-center
formation has a different threshold from the structural dam-
age such as a void or crack formation. Usually, the dielectric
breakdown threshold is determined by the light intensity at
which the electron density becomes critical (plasma reflec-
tion) for the wavelength of irradiation. The rationale of this
is as follows: a highly absorbing state should be created in-
side a transparent dielectric via the non-linear light—matter
interaction in order to trigger the breakdown. The amount
of absorbed energy in the skin depth/volume is responsible
for the recording of structural damage. This is a physically
sound description of the breakdown, which was adopted for
our study; moreover, it already explained quantitatively the re-
sults of ablation [11]. Recently, however, it was demonstrated
by simulations that the approximately 100 times lower density
was enough to make damage in the focal region inside sil-
ica [12].

In order to avoid as much as possible the effects related to
pulse propagation (self-focusing), the focusing for recording
should be carried out by a high numerical aperture objective
lens, typically NA > 1, corrected for aberrations. At such con-
ditions, the self-focusing power is higher than the threshold
of observable damage, a bit/voxel. In this way, an intrin-
sic threshold of light-induced breakdown can be measured.
We used this approach as described in detail in Sect. 2. In-
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terestingly, for a similar focusing the threshold of dielectric
breakdown in glass was found to be not dependent on the pulse
duration in a span of 30 ps to 30 ns [13] and approximately
equal to that of a 200 fs pulse in terms of irradiance. Obvi-
ously, further experimental and theoretical work are necessary
to understand the variety of results on optically induced dam-
age in the bulk.

As for the readout of volumetric memory, WLC gen-
eration is one of the alternatives to the reading by photo-
luminescence, scattering, or optical imaging. Here, we will
not consider the WLC generation during the stage of bit
recording, i.e. during the dielectric breakdown. Among the
advantages of a WLC readout are its coherence with the ex-
citation pulses and the relative ease of detection when a fem-
tosecond high-frequency (80 MHz) excitation readout is em-
ployed. It is expected that the volumetric memory readout
could utilize some of newly discovered features of WLC, e.g.
the phase locking [14] or the enhancement of backward emis-
sion [15] in this fast-growing research field [16, 17].

The aim of this work was to compare experimental data
of 3D optical recording by femtosecond pulses in glasses
with theoretical predictions of dielectric breakdown [11].
The model incorporates the multi-photon absorption and
avalanche ionization as the driving mechanisms of dielectric
breakdown and was proven to describe successfully the ab-
lation thresholds of metals and dielectrics. We propose the
four-photon parametric interaction for optical memory read-
out. Measured transients of light emission from the recorded
bits upon femtosecond excitation can be explained by the
four-photon parametric interaction.

2 Experimental

The laser setup of optical memory recording was
based on an oscillator (Tsunami) with a regenerative ampli-
fier (Spitfire, Spectra Physics) and a three-axis piezostage
(Polytec PI, Inc.) controlled by a computer. The pulse-energy
stability was about 3% (r.m.s. value). The laser emission
at 800 nm wavelength was focused into the sample by the
infinity-corrected oil-immersion objective lens with a numer-
ical aperture of NA = 1.35 and magnification x 100 using
a microscope (Olympus IX70). The focusing of a Gaussian
beam would correspond to a D = KAM?/(2NA) ~ 0.48 pm
diameter spot (FWHM) [19]; here K = 1.07 is the beam’s
truncation factor for a truncation ratio 7 = 1.75, A is the wave-
length, and M? = 1.5 is the beam-quality factor of Spitfire.
The truncation ratio is defined as the Gaussian beam diameter
at 1/e? divided by the diameter of the limiting aperture, T =
Dypeam/ Dap. The waist length can be calculated as a doubled
Rayleigh length L = 2@} M*M? /). ~ 0.65 jum, where 2wy =
1.27A f/ Dpeam == 0.3 wm s the diffraction-limited waist diam-
eter for a Gaussian beam focused by a lens with focal length
f = 1.8 mmand M2 is an additional beam-quality factor rele-
vant to the beam truncation [20]. Mtzr = Dy /Dy = 2.38, where
Dy = 1.725) f/ Dap and Dy = 2w, are diameters of the trun-
cated and diffraction-limited Gaussian beams at 1/e* inten-
sity, respectively. Thus, the approximate dimensions of the
recording pulse, a ‘light-pen’ cross section, can be evaluated
as (axial x lateral) >~ (0.48 x 0.65)um? for this non-paraxial
focusing. The refractive index of glass at the wavelength of ir-

radiation was calculated by the empirical Sellmeier formula
for borosilicate glass BK7 (Schott), ./e = 1.51 [21].

To evaluate a temporal fs pulse spread out after pass-
ing a microscope objective lens we have carried out a sep-
arate experiment. The pulse duration at different locations
along the optical path and at the focus was measured by the
GRENOUILLE technique [22] (Swamp Optics). This tech-
nique allows us to record a time x spectrum image of the pulse
and, then, the pulse duration (FWHM) can be retrieved by the
frequency-resolved optical gating (FROG) algorithm (Fem-
tosecond Technologies). To measure the pulse duration at the
focus, we used an additional solid-immersion lens [23], which
collects strongly divergent light before introducing it into the
GRENOUILLE setup (more details can be found in [24]).
For all the retrieved pulse durations given in the text a FROG
error was lower than 2%. The pulse duration of 130 fs was
measured by GRENOUILLE at the output of the regenerative
amplifier.

For the readout we used second- and third-harmonic gen-
erators (GWU, Spectra Physics) of fundamental oscillator
(Tsunami) radiation. In the case of third-harmonic excita-
tion, the readout was carried out by a fused-silica lens fo-
cusing (f = 30 mm) onto the area of recorded bits, while for
a second-harmonic excitation a focusing in the microscope,
the same as was implemented for the recording, was used.
This allowed us to measure the readout from the individu-
ally addressed bits of 3D optical memory. The back-scattered
emission from the bits was recorded on a spectrometer (Spec-
traPro 300i, Acton) equipped with a time-correlated sin-
gle photon counting registration unit based on a microchan-
nel plate photo-multiplier tube (R3809-50U, Hamamatsu)
and a photon counting PC board (SPC300, BH Inc.) with
time-deconvolution software (Edinburgh Inc.). The spectral
resolution of the spectrometer (utilized as a monochroma-
tor in time-resolved measurements) was about 2 nm, nar-
rower than the bandwidth of 10 nm (FWHM) of the fun-
damental emission of the fs laser. The temporal resolution
of the SPC300 board was 13 ps. Such a setup can be seen
as a prototype of a 3D optical memory write|read device,
which is shown in Fig. 1. A dry objective lens could also
be used as the recording and pickup head of 3D optical
memory.

Recording media
L0000 |

Cover glass? gﬂoﬂ
Objective lens
Dichroic

/ mirror

, . Aperture

Space-Time-Spectrum
resolved characterization

FIGURE 1 Principle of 3D optical memory recording and reading using fs
pulses. A direct oil-sample contact is appropriate for a glass media, while
a cover-glass spacer is necessary for polymers
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3 Results and discussion

As a volumetric recording, here we consider
arecording of optical memory achieved via dielectric/optical
breakdown, which is localized in the bulk of transparent
media, e.g. in glass [3,5,25,26] or polymer [27,28]. Cus-
tomarily, the dielectric breakdown threshold (DBT) is defined
by a free-carrier density, which corresponds to the plasma
frequency at a given wavelength of recording. In order to
photo-modify a transparent dielectric in the bulk, the energy
large enough to cause a chemical bond breakage should be ab-
sorbed at the site (the voxel). Thus, when the electron density
reaches the plasma density a dielectric turns into an absorbing
material with the real part of the refractive index decreas-
ing along with the increase in the free-carrier density, while
the imaginary part increases [29], respectively. The absorp-
tion of an incident pulse takes place within the skin depth,
which is less then 100 nm for a good conductor. The voxel
of a cross section approximately equal to the skin depth is,
thus, recorded and serves as a bit of 3D optical memory.
Bits 2-3 times smaller in cross section than the focal spot
can be recorded by fs pulses [5]. For the recording pulse en-
ergy of 1-2 DBT, the recorded bit in silica can be recognized
in transmission as a light-scattering region, whose effective
refractive-index change is about (1 —2) x 1073 [28] or by the
absorption of dielectric breakdown induced defects, whose
density canreach 10'® — 10" cm =3 [30, 31]. Athigher record-
ing irradiation intensity (starting at about 3 DBT) the void
formation at the focus was accompanied with a surrounding
cracking of glass. Those sub-micrometer cracks were found
useful for a wet etching of 3D channels in silica [32,33] due
to the so-called stress corrosion effect [34]. Longer pulses
cause an excess thermal load at the irradiation spot where they
usually cause an extensive crack formation; hence, they are in-
appropriate for 3D recording. In polymethylmethacrylate, for
example, the voids and open-core channels were recorded in
bulk at an irradiance of 1-2 DBT [35].

3.1 Dielectric breakdown

Here, we will consider two major mechanisms of
ionization in the laser field, which are most relevant to fem-
tosecond dielectric breakdown: ionization by electron impact
(avalanche ionization), and the multi-photon ionization. The
following formula was successfully applied to describe abla-
tion results [11] and, here, we adopt it for an in-bulk dielectric
breakdown. The time dependence of the number density of
free electrons n. stripped off the atoms by these processes is
defined by the rate equation [11]:

dne
dr

Here n. is the electron density, n, is the density of neutral
atoms, Wimp is the time-independent probability (in [s~']) for
the ionization by electron impact, and wp,; is the probability
for the multi-photon ionization. For the case of single ioniza-
tion it is convenient to present the probabilities wmp; and wimp
in the following form [36]:

3/2 Eosc ph
Wnpi A @0 Ny <1.36 7 ) ,
i
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Here wy = 27wc/ X, g5 18 the electron quiver energy in the laser
field, npp is the number of photons necessary for atom ioniza-
tion by the multi-photon process, which is the integer part of
the quantity (J;/hwo)+ 1, J; is the ionization potential, and
vefr 18 the effective collision frequency.

The general solution to (1) with the initial condition n (f =
0) = no, where ny is the initial density of free electrons in the
material, is the following:

ne (I, A, t) =

{'lo + 1aWmpi [1 —exp (—wimpt)] } exp (wimpt) .
Wimp

“)

One can see from (2) and (3) that the relative role of the im-
pact and multi-photon ionization depends dramatically on the
relation between the electron quiver energy and the ionization
potential.

If e45c > J; then wpp; > Wimp, Which is the case of high in-
tensity (approximately at /; > 10'* W/cm?) the multi-photon
ionization dominates for any relationship between the fre-
quency of the incident light and the efficient collision fre-
quency. Such intensity is usually considered as the onset of
multi-photon ionization via tunneling [37]. Multi-photon ion-
ization dominates, and the number of free electrons increases
linearly with time: ne ~ nawmpit. The ionization time could
be shorter than the pulse duration and the ionization threshold
depends on the laser intensity 7; in [W/cm?] and laser wave-
length.

If g5 < Ji and wgy <K vefr, the electron-impact ionization
is the main ionization mechanism, and one can neglect the
second term in (1). The number of free electrons exponen-
tially increases with the product of wjn, and the pulse dura-
tion: ne o ng exp {wimp X #, }. Therefore in the long-pulse (ns)
regime with much lower intensity the ionization threshold de-
pends on the laser fluence F' = I x t,,.

It is generally accepted that the optical breakdown is
achieved when the density of free electrons reaches the critical
plasma density 7. for the incident laser wavelength A:

somea} _ 1.1 x 10
e Oum)?

where &g is the permittivity of vacuum and m. and e are the
electron rest mass and charge, respectively. Above this elec-
tron density the laser light reflects from the created plasma and
the laser—target coupling occurs through the electron thermal
conductivity. Accordingly, n. = 1.74 x 10?! cm~3 at 800 nm
wavelength.

Let us estimate the probability (in [s~']) and thus the ion-
ization time, for each of the ionization mechanisms.

ne(A) [em™] = 5)

3.1.1 Multi-photon ionization. The oscillation energy of an
electron in the field of the laser electromagnetic wave with the
frequency wy is expressed in the following way (in Gaussian
units):

e*E?

—.
dmewy

(6)

Eosc =
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For practical use it is convenient to express it by using the
definition of light intensity I = c./€|E|?/(87) (in SI units
I = Jceg/€|E|?, where € = (Re(n))? is defined by the real
part of the refractive index, n, of the material):

2 E? &2

V] = (1+a? =(+d*
osc [V] = (1 +a )4mw(2) (I+a )41’}’!7'[63

D2

=(1+0a%9.34

I < A )2 -
1014 [W/cm?] \ [um] )

here the factor (1 +a?) accounts for polarization of incident
light with & = 0 for linear and o = 1 for circular. Combining
(2) and (7), we present the probability of multi-photon ioniza-
tion in the following convenient form:

A 2nph—1 3
[um] ph
127 %1071 [ 2 |
JileV]

Wimpn[s™'1=1.88 x 10" <

nph

x | (14+a?) ®)

Using (8), one can estimate the probability of multi-photon
ionization in a SiO; target at the laser intensity of 6 TW /cm?
with pulses of 800nm wavelength and 200fs duration
(FWHM) taking into account the ionization potential of Si
(8.15eV [38]), since that of O is larger (13.62¢eV [38]). The
intensity of about 6.6 TW /cm? is typical for the light-induced
dielectric breakdown threshold in borosilicate and silica glass
and can be considered as a recording intensity of 3D optical
memory. One can then find wpp >~ 1.59 x 10% s™! at 800 nm
wavelength for linearly polarized light.

3.1.2 Avalanche ionization by electron impact. The energy of
an electron accelerated by the laser electric field can be calcu-
lated as:

de,

— = A& Ve

& €))

Here Ae is the average energy gained by an electron as a result
of a single collision,

2
_ 2&05cyy

Ae (10)

O Vi
Vea 1S the average over the electron spectrum collision fre-
quency between electrons and atoms in the target, which can
be determined for the particular target material with the help
of the Boltzmann transport equation for the entire range of
electron energies. A reasonable estimate for the collision fre-
quency Ve, ~ 6 x 10'* 571 is given in [36]; it is independent of
the electron energy. Taking the given value one can conclude
that the average energy gain per collision is approximately
Ag = 2g45. As (9) suggests, the electron energy grows lin-
early with time: e, = Ae¢ ve,f. Making use of (10), one obtains
for the energy gain:

~ [W} 2
g [eV]=112x 1 — | X A7[pm] xz[s]. (11)
cm

Thus the time #,, required for an electron to gain an energy
equal to the ionization potential (the ionization time) is:

1 J; J;

tion = wimp ~ =
112x 1 [%} x A2 [um]

12
AEVe, (12)

Following (12), the probability of the avalanche ionization of
Si0, with 800 nm wavelength, 200 fs pulses at the laser inten-
sity of 6.6 TW/cm? is wimp = 4.96 x 1013571,

3.2 Recording by dielectric breakdown

Let us apply the formulae of Sect. 3.1 to the par-
ticular case of optical three-dimensional recording in glass.
As a DBT we consider the intensity at which the free electron
plasma density is attained. Also, let us implement a Gaus-
sian intensity distribution I(r) = Ip exp [—4 In 2((1 — 10) /1,)?]
for calculations using (4), (8), and (12) with £, = 200 fs being
the pulse duration at full-width at half maximum (FWHM).
A typical value of free electrons in dielectrics such as SiO; is
no = 10" cm=3; in fact, we have checked that the maximum
electron density was not sensitive to the initial concentra-
tion as long as it was below 10'> cm™3. Also, we consider
an ionization of only Si, which has the lower ionization po-
tential. Thus, an available atomic number density for excita-
tion is only 1/3 of that of glass, which is n, = 2.2 x 10?* for
SiO; (n, = 0Na/M, where o ~ 2.2 g/cm? is the density, M =
60.09 g is the atomic mass, and Ny = 6.02 x 10% is the Avo-
gadro number). The results of simulation are shown in Fig. 3
for the Gaussian and step-like excitation profiles. The cal-
culated free-carrier density at the maximum of a 6 TW /cm?
pulse was much higher than the total number density of avail-
able Si atoms n,/3, while for 3.5 TW/ cm? the critical plasma
density was just reached. For the 6 TW/cm? irradiance the
critical plasma density was surpassed for approximately the
duration of the pulse according to simulations (Fig. 2). For the
ionization potential of oxygen and the corresponding number
density 2n,/3 one would find only n, = 1.47 x 10! cm=3 at
the maximum of the 6 TW/ cm? pulse, which is much lower
than the critical density.

Experimentally, a 6.6 TW/cm? DBT inside fused silica at
10 pm depth, where the aberrations [39] were minimal for
our recording conditions, was found. At this irradiance the
critical density was surpassed for the approximate pulse du-
ration according to the simulations given above. The theor-
etical threshold at which the critical density was reached at

2 um

Image of a ‘bit’ pattern recorded in the volume of silica at
10 wm depth by 150 fs pulses of 800 nm wavelength focused with a NA = 1.4
objective lens [5]. Imaging (the readout) wavelength was 488 nm. The dis-
tance between adjacent bits was 0.2 pm

FIGURE 2
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the maximum of the intensity envelope comprises 53% of the 500 - —~
experimentally observed threshold. 1
Also, the linear dependence of the DBT on the wavelength 1 1
predicted by the theory given above [11] was confirmed ex- o+ =00
perimentally [40] for the 400—800 nm wavelength region. As 400 500 600 700 200
a conclusion of this part we can state that the calculations pre- 1 h
sented above can qualitatively well explain the experimentally ~ € Wavelength (nm)

measured value of the DBT. The theoretical approach utilized
here considers explicitly the light—solid matter interaction,
which is not the case for the Keldysh theory [6] as was pointed
out recently [41]. In other works [8, 12] the photo-ionization
rate was calculated directly from the Keldysh theory [6], while
here we used the ionization probabilities derived in [36].

33 Readout of optical memory

The bit-readout experiments were carried out by
measuring light-emission spectra Fig. 4 and their transients
(Figs. 5 and 6) at different excitation wavelengths from the
area of recorded bits as well as from the individual bits in
silica. For excitation of bit emission we used fundamental,
second-, and third-harmonic radiation of a fs-laser source.
The readout pulse intensity was calculated from a direct
measurement of pulse energy at the focus by using a solid-
immersion lens [23] and was kept lower than 10 GW /cm? in
all experiments. Thus, secondary optical damage was avoided
and the observed light emission was not caused by the break-
down plasma radiation, which usually accompanies the opti-
cal damage [42].

A spectrally broad-band emission was observed from the
bits (Fig. 4) upon excitation by femtosecond pulses. Time-
integrated spectra had signatures of photo-luminescence (PL)
bands typical for defects in silica. For example, PL at 280 nm
and 470 nm is related to the oxygen vacancy, Vo, while the
650 nm band is the signature of a non-bridging oxygen hole
center (NBOHC) as we reported earlier [43, 44]. Interestingly,
an up-conversion type of emission was observed at a 800 nm

FIGURE 4 Spectra of emission from the area of bits excited by 250 nm
wavelength (a) and from a single bit excited by 400 nm (b) and 800 nm (c),
respectively. a Curve 1 shows unfiltered, curve 2 long-pass (> 370 nm) fil-
tered emission, and curve 3 that from bits-free region. b Curve 1 depicts
emission from a single bit, and curve 2 from an undamaged region. Trans-
mission profiles of dichroic mirrors (see Fig. 1) are given in b and ¢. Boxed
regions mark second and third orders of excitation at 253 nm

readout of the bit (Fig. 4c). Such an emission can be caused by
multi-photon excitation of silica or by parametric four-beam
interaction (Sect. 3.3.3).

In order to distinguish between coherent WLC emission
and PL we carried out time-resolved measurements at differ-
ent spectral windows of registered emission (Fig. 5). Expo-
nential time decay with a 3.7 ns constant was found at 280 nm,
which is typical for a Vi defect. Apart from PL transients,
a coherent peak appeared in the recorded emissions (within
our temporal resolution of about 20 ps). To avoid detection of
the Rayleigh scattering of the readout pulse we used a 2 nm
bandpass monochromator slit, which is several times nar-
rower than the bandwidth of the excitation pulse. Also, we
have observed similar coherent WLC spikes in the emission
from single bits excited by 400 nm pulses in a microscope
(Fig. 6). These observations along with a sharp edge of the
emission at 400 nm (Fig. 4c) upon excitation at 800 nm al-
lowed us to suggest that a non-linear mechanism of WLC
was responsible for the emission, as the following discussion
shows.

3.3.1 Light emission from the bits. White-light continuum
is typically observed in transparent dielectrics (crystals and
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FIGURE 6 Transients of WLC from a single bit at different wavelengths.
Monochromator slit corresponded to a 2 nm spectral width

glasses) at about 10" W/cm? irradiance; for example, in BK7
and silica WLC was observed at (4 — 5) x 10" W/cm? irradi-
ance at 800 nm wavelength.

Two mechanisms of coherent WLC emission should be
considered in the case of fs excitation: self-phase modula-
tion (SPM) and four-photon parametric interaction. The for-
mer propagates axially along the excitation, while the latter
spreads over the cone. Both mechanisms are related to the y
non-linearity.

3.3.2 Spectral broadening via self-phase modulation. Let
us evaluate a spectral broadening of a Gaussian beam due
to SPM after passing a high-intensity focal region at the
irradiance close to the dielectric breakdown. The DBT in
silica was found at the irradiance Ipgt = 6.6 x 10'> W/cm?
for #, =200fs pulses (pulse duration was measured by
the GRENOUILLE technique as described in Sect. 2) with

Rayleigh length zg ~ 0.7 um. The non-linear refractive in-
dex of silica is ny = 2.5x 1079 cm?/W [45], where the
intensity-dependent refractive index is given by n(/) =
no+nyl. The cause of spectral broadening is the phase
change of the passing pulse [37]. According to the clas-
sical theory [37], the distance over which the phase is
changed by 1rad is called the non-linear length and is
given by Lpon = ((2m/Mnyl )~ =77 pm for Ipgr. Then,
the maximum shift of the frequency, which is the same
for the Stokes and anti-Stokes modes, is given by Aw =

2/e!omax Awp = 1.9 cm™!, where the maximum phase shift
1S @max = 2w/AM)nyl -2z and the spectral width at inten-
sity (e72) level is Awy =260cm™" (10nm FWHM spec-
tral bandwidth at A = 800 nm). The spectral shift of Aw =
1.9 cm~! is small, indeed, for our pulses of wy = 12500 cm™!
(A =800 nm).

The theory of SPM [37], which accounts for self-steepening
of the pulses, predicts even smaller spectral broadening
after passing a focal region due to a small parameter Q =
2zrnal/ (c(2\/ln_2)tp) « 1 for the conditions considered
above. Indeed, Stokes and anti-Stokes spectral shifts are given

by Awg, = wo 50.25(‘/Q2 T4F0)-05) < lem ™ at the
dielectric breakdown irradiance. This suggests that according
to the classical WLC generation models the experimentally
observed spectral broadening could not be accounted for by
SPM due to a short length of propagation inside a region of
high light intensity [24].

3.3.3 Spectral broadening via four-photon parametric inter-
action. Let us consider the four-photon parametric interac-
tion [46] as the mechanism of spectral broadening observed
experimentally. For a single, intense, and monochromatic co-
herent light wave interacting with a transparent non-resonant
medium a third-order non-linear parametric process, such as
shown in Fig. 7a, should be considered for WLC generation.
Conservation of energy and momentum of the interacting
photons is given by:

2wy = w1 + wy, (13)

2ko =k + ks,
where hw; and k; = 2w /A; (i = 1,2) are the energy and
wavevector of the interacting photons, respectively. Many
combinations of (k;; k») vector pairs satisfy the conditions
given by (13). From the energy conservation it follows that
2/ = Al_l +Ay ! hence, the blue-shifted emission should
not be shorter than Ay/2. We, indeed, have observed such
a blue cutoff at 400 nm for an emission excited by 800 nm
wavelength (Fig. 4c). A phase-matching condition imposes
the following relations:

A A 2n(A
n( 1) 086, 4+ ( 2) cos, = n( 0)’
n(km W) & (4
sinf; = sin 6;,
1 2

where n(}) represents the dispersion of the material. The so-
lution of (14) is shown in Fig. 7b for the case of borosili-
cate glass BK7 (Schott), whose room-temperature dispersion
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FIGURE 7 a Phase-matching condition of four-photon parametric interac-
tion. b Wavelength—angle dependence of coherent emission for Ay = 0.4 um
(solid lines) and 0.8 um (dashed) respectively

was calculated by the empirical Sellmeier formula [37]. As
one can see, the angles 6, are small, < 5°, for the para-
metric emission at the wavelengths around that of the excita-
tion Aex : Aex/2 < Aex < 2Aex. Parametric emission is propa-
gating conically along the direction of the driving excitation
(Fig. 7). When there are no recorded bits the WLC, even if
present, would escape detection in our setup, which records
the back-scattered and emitted light (Fig. 1). The presence
of a bit changes locally the optical properties and, most im-
portantly, acts as a scattering point of WLC and PL. This
makes it possible to recognize (to read out) the bit by those
signatures of WLC, PL, Rayleigh scattering, and transmis-
sion imaging. All these methods could, in fact, be used as
the readout mechanisms of 3D optical memory. A high nu-
merical aperture lens used for the readout ensures effective
detection of emission spread over large angles. Indeed, a cone
angle at the focus of a NA = 1.35 objective lens is about
126 degrees.

Further studies are necessary to elucidate the details of
a WLC readout mechanism. Namely, the electrical field en-
hancement effect at the bit can play an important role; x
at the optically modified region of the bit should be estab-
lished in order to evaluate the efficiency of such readout. Also,
the long-term stability of 3D optical memory in glasses, as
well as the cross-talk issues in the readout of 3D memory [47]
need more studies aiming at implementation into viable ap-
plications. Here, we have focused on the proof of the princi-
ple that a WLC could be used for the readout of 3D optical
memory.

4 Conclusions

3D optical memory recording by fs pulses can be
explained by the model of dielectric breakdown developed
for the ablation. The experimentally observed threshold of the
in-bulk dielectric breakdown of silica was reproduced numer-
ically by implementing the ionization potential of Si for cal-

culations. As a readout mechanism of 3D memory we propose
anon-linear four-beam parametric interaction, which was ob-
served in the emission from the bits during excitation by fs
pulses.
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