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1. Introduction

With the developments of the laser technology, femtosecond laser technology is emerging as
one of the useful microfabrication tools in recent years for both microfabrication and micro-
machining of various multi-functional structures in dielectric materials through multi-
photon absorption because of its high-quality and damage-free processing. Many high-
quality material processing techniques have been achieved to date by using femtosecond
laser pulses with the methods of holographic fabrication [1-8] and direct writing [9-16], such
as micro-gratings [1-4], photonic crystals [5-8], waveguide [9] and diffractive optical
elements (DOE) [10-16].

In this chapter, we have reported to fabricate several diffractive optical elements (DOEs) on
the surface of the metal film or inside transparent silica glass by femtosecond laser pulses
writing directly. Firstly, we introduce a method for holographic data storage with the aid of
computer-generated hologram (CGH) on the metal film (Au) by femtosecond laser pulses
writing directly. Both the simulated and the experimentally restructured object wave show
high fidelity to the original object. Then, we introduce a novel method for generating the
optical vortex (OV) by fabricating the computer generated hologram (CGH) of the OV inside
glass using femtosecond laser directly writing. And the superpositions of the photon orbital
angular momentum (OAM) have also been obtained by using a combined computer
generated hologram (CCGH). We also give a concrete explanation to the superpositions of
the photon OAM. Lastly, we have fabricated volume grating inside silica glass induced by a
tightly focused femtosecond laser pulses for improving the first order of the diffractive
efficiency. Experimental results show the first order diffractive efficiency (FODE) of the
fabricated gratings is depending on the energy of the pulses and the scanning velocity of the
laser pulses greatly, and the highest FODE reaches to 30% nearly. The diffraction pattern of
the fabricated grating is also numerically simulated and analyzed by using a two
dimensional FDTD method and Fresnel Diffraction. The numerical simulated results proved
our prediction on the formation of the volume grating is correct which agree well with our
experimental results.
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610 Coherence and Ultrashort Pulse Laser Emission

2. Realizing optical storage by method of computer-generated hologram

Because computer-generated holograms (CGHs) can produce wavefronts with any desired
amplitude and phase distributions, they have yielded many applications since Lohmann et
al. [17, 18] firstly demonstrated it several decades ago, such as optical interconnection [19],
spatial filtering [20], three-dimensional display [21, 22], and holographic optical
manipulation [23]. Two steps are needed for the production of a Fourier hologram. The first
step is to calculate the complex amplitude of the virtual or physical object wave at the
hologram plane. The second step involves encoding and production of a transparency.

Here, we introduce a method for holographic data storage with the aid of CGH on the metal
film by femtosecond laser pulses writing directly. Firstly, the letter “E” consisted of 64 x 64
pixels was selected as the object image depicting in Fig. 1 (a), which was sampled and
Fourier transformed by a computer to obtain the discrete complex amplitude distribution.
Then, the discrete complex amplitude distribution was encoded by the detour phase method
as depicted in Fig. 1 (b), in which the width of the rectangular aperture was set to the half
width of the cell; the height of the rectangular aperture was proportional to the modulus of
the complex amplitude; and the phase of the complex amplitude was expressed with the
distance between the center of the aperture to the center of the cell. The concrete resulted
encoded CGH could be found in Fig. 1 (c).

The resulted CGH could be directly written and recorded on the metal film ablated
selectively by femtosecond laser pulses with right pulse energy. The experimental setup for
the fabrication of the metal film is shown in Fig. 2. A regeneratively amplified Ti:sapphire
laser system (Coherent. Co.) was used, which delivered pulses with a duration of 120fs
(FWHM), with a center wavelength at 800nm and a repetition rate of 1kHz. The
femtosecond laser pulses with proper energy turned by a ND (neutral density) filter is
focused on the surface of the metal film with thickness of 130nm deposited on a silica glass
substrate by a 50x microscope objective (NA 0.80); the micro-stage with resolution of
0.1 gm could be controlled by the computer; a shutter system was used to control the

ablating area on the surface of the metal film selectively. And the process of the fabrication
can be observed by a CCD camera in real-time.

(@ 1

F nd

Fig. 1 (a) The object image, (b) The sketch for encoding by the detour phase method,
W = y , L,,and P, was proportional to the modulus and the phase of the complex
amplitude in the cell (m, n) respectively. (c) The calculated encoded CGH of the object
image.
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Fig. 2. Experimental scheme of holographic storage on the metal film by femtosecond laser
pulses
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Fig. 3. The hole structures on metal film deposited on glass substrate fabricated by a single
femtosecond laser pulse with different pulse energy, all the scale bars are 2 ym .

Before writing the CGH on the metal film, firstly we need decide the diameters and quality
of the ablative spots on the metal film in order to achieve well-defined patterns of CGH. In
general, the minimum achievable structure size in laser-processing is determined by the
diffraction limit of the optical system and is of the order of the radiation wavelength.
However, it is different for the femtosecond laser system, because if we choose the peak
laser fluence slightly above the threshold value, only the central part of the beam can modify
the material and it becomes possible to produce subwavelength structures [24-25]. The
ablated microhole structures could be found in Fig. 3 by scanning electron microscope
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612 Coherence and Ultrashort Pulse Laser Emission

(SEM). When the laser pulse energy is set to 2.54y], the diameter of the ablated hole for the
metal film is about 4.26ym, and there exist an ablated tiny hole in the substrate. With the
decrease of the pulse energy to 1.783y], the diameter of the ablated hole for the metal film is
also decreased to 4.03ym. When the pulse energy was changed to 1.1yJ and 0.52y], the
diameter of the ablated hole can reach to 2.6ym and 2.2um respectively, and the ablated hole
in the substrate vanishes either. Although there are not obvious ablated crater on the glass
substrate, the diameter is somewhat bigger for fabricating CGH experiments. On the other
hand, when the pulse energy was changed to 0.30y], the diameter of the ablated hole could
reach to 1.1ym. With energy of the pulse decreasing to 0.217uJ and 0.172y], the diameters of
the fabricated holes decrease to 800 nm and 600 nm, respectively. When the pulse energy
decreases to 0.114y] and 0.104y], the diameter of the fabricated holes decrease to 240 nm and
136 nm respectively, which is less than one third of the wavelength 800 nm and out of the
diffraction limit. Especially, when the pulse energy decreases to 0.093u] and 0.090y], there
are no ablated holes for the metal film but a nanobump, which could be explained by the T-
T model (Two temperatures model) [25]. Although the smaller pulse energy can attain
smaller size of the holes and more accurate fabrication in theory, it is difficult to control
because of the fluctuations of the energy of the pulses and the thickness of the metal film.
Thus, to get a good property of the structured CGH, we choose the pulses energy as 0.30u]
in our experiment.

To record the desired CGH on the metal film, the sample was mounted on a computer-
controlled XYZ translation micro-stage with a resolution of 0.1ym and moved step by step
for being ablated selectively by the focused pulses according to the CGH pattern shown in
Fig. 1 (c). When the area is black in the hologram, the shutter system will be closed for not
being irradiated, while on the contrary, the shutter system will be open for irradiating. The

(©) Mask
Substrate
Metal film e
™
He-Ne Laser

e E

CGH ‘

Lens Screen

Fig. 4. (a) The simulation of the reconstruction from the CGH; (b) The experimental result;
(c) The experimental scheme for the reconstruction of the CGH.
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irradiated dots became “transparent” by ablation, while the unexposed dots remained
“opaque”. The simulated result of reconstruction from the fabricated CGH is given in Fig. 4
(a). In the reconstruction of the CGH, a collimated He-Ne laser beam was used to be incident
normally to the CGH on the metal film, as depicted in Fig. 4 (c). The diffraction pattern can
be observed in Fig. 4 (b). The letter “E” appears in the +1st order of the diffraction field,
while the conjugated image appears in the -1st order of the diffraction field. The result in
experiment shows high fidelity to the simulation of the reconstruction. The diffraction
efficiency was also measured to be 4.68% by a power meter at the wavelength of 632.8 nm.
Here, we defined the diffraction efficiency as a ratio of the intensity of first-order diffraction
to that of incident beam.

3. Generating optical vortex

Optical vortex (OV) has been paid considerable attentions in the past two decades because
of their special characteristics and potential applications [26-28]. OV has been described as a
topological point defect (also known as a dislocation) on wavefront and manifest as a “null”
within a light beam because the phase at the defect point is undetermined. OV has been
applied in many fields, such as optical trapping [23, 29], optical manipulation for MEMS
[23], and optical vortex coronagraph [30]. Several methods, such as mode-converters [31],
phase mask [32], and computer-generated holograms [13, 28] (CGH), may be used to embed
OV into a “background” beam, such as a Gaussian laser beam.

Here, we generate the OV by fabricating the CGHs of the OV inside glass using a near
infrared 800 nm femtosecond laser directly writing. The continued and pulsed OV beams
have also been reconstructed with both a collimated He-Ne laser beam and the femtosecond
laser beam incident to the fabricated CGH, and the first order of the diffraction efficiency
could reach to 3.2% nearly.

Nye and Berry [26] have analyzed the phase dislocation within a monochromatic wave in
detail in 1974. They have also analyzed a number of optical wavefront dislocations
including screw dislocations, edge dislocations and mixed screw-edge dislocations. A
monochromatic beam propagating in the z-direction and containing a single vortex
transversely centered at the origin (r = 0) can be expressed by the scalar envelope function:

u(r,0,z) = A, (r,z)exp(im8)exp[id , (1,z)] 1)

Where u(r,6,z) is the optical field expressed in cylindrical coordinates with the optical axis
aligned along the z axis, exp(im#) is the characteristic expression of the optical vortex, m is

a signed integer called the topological charge, ®,, is the phase.

To construct a CGH of an OV, we numerically calculate the interferogram of two waves: a
planar reference wave and an object wave containing the desired optical vortex. For
simplicity, we choose the object wave to be a point vortex of unit charge on an infinite
background field of amplitude C,

E,=C,exp(im¥) ()

and a reference wave of amplitude C;, whose wavevector lies in the (x, z) plane, subtending
the optical axis, z, at the angle ¢, can be expressed as

E, =C,exp(-i27zx/A) (3)
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Fig. 5. The CGH interfering between a vortex beam and a planar beam for different
topological charge, (a) m=1 and (b) m=3. (c) Top view of the fabricated CGH. (d) (e) The
experimental setup scheme for the fabrication and reconstruction of the CGH respectively.

Where A=/A/singis the spatial period of the plane wave in the transverse plane. The
interferogram is given by the intensity of the interfering waves

Io(x,0)=|E, +E[>. o =2C,[1+cos(2zx/A +m0)] (4)

Where we set C.=Cp to achieve unity contrast ((Imax — Imin)/Imax =1). The resulting
interferogram, depicted in Fig. 5 (a) and (b), resembles a sinusoidal intensity diffraction
grating. The pattern contains almost parallel lines with a bifurcation at the vortex core.

To record the desired CGH, silica glasses with four planes being polished have been selected
as the sample and mounted on a computer-controlled XYZ translation micro-stage with
0.1um resolution, which were moved step by step and irradiated by the focused
femtosecond laser pulses by a microscope objective lens with a numerical aperture of 0.45
(20X, Nikon.Co.) with proper pulse energy according to the hologram pattern (Fig. 5 (a))
controlled by the PC. The schematic setup is shown in Fig. 5 (d). The irradiated dots would
become “black” (opaque) because of microexplosion induced by femtosecond laser pulses
inside silica glass while the unirradiated dots remained “white” (transparent). The top view
of the fabricated hologram is presented in Fig. 5 (c) according to the CGH depicted in Fig. 5
(a). In general, it is difficult to fabricate microstructure on the surface of the silica glass. The
silica glass is transparent at the wavelength of 800 nm because the light frequency is out of
the linear absorption range of the silica glass. However, the intensity at focus point would
be approximate to 100 TW/cm2. So, high energy fluence within the focal volume would
quickly ionize the silicate glass by the combined action of avalanche and multi-photon
processes [13, 33].
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Fig. 6. Diffraction patterns with reconstruction of the CGH shown in Fig. 2. (a) Reflected
pattern, (b) Transmitted pattern and (c) The enlarged version of the first-order diffraction of
the Transmitted pattern. (d) Reconstructed optical vortex by a femtosecond pulsed laser.

To reconstruct the optical vortex beam from the fabricated CGH, a collimated He-Ne laser
beam was incident on the CGH inclined at 30° against the sample, and both the transmission
and reflection pattern grating can be realized. In order to get an excellent image, we lay two
masks in the diffraction beam path as shown in Fig. 5 (d). Then, the output image could be
taken by a digital camera on the screen. Both of the transmission and reflection patterns are
shown in Fig. 6 (a) and (b). One vortex of the first-order diffraction in the transmission
pattern was taken out for getting an intuitionistic image of the optical vortex in the
transverse plane (Fig. 6 (c)). From the result depicted in Fig. 6 (c), we can see that the optical
vortex was reconstructed with high fidelity. We have also reconstructed the optical vortex
with the femtosecond laser beam with the wave length of 800nm as shown in Fig. 6 (d),
which have also shown high fidelity to the optical vortex and been used as a irradiated
source for special structures [34].

We have also measured the diffraction efficiency by a power meter at the wavelength of
632.8 nm. Here, we defined the diffraction efficiency as a ratio of the intensity of first-order
diffraction to that of incident beam. The efficiency of transmission beams was 3.44%, and
that of reflection beams was 1.35%. So, the total efficiency was about 4.79%.

4. Realizing the superpositions of the photon OAM by CCGH

As predicted [35] and observed [36], OV beams carry an orbital angular momentum (OAM)
distinct from the intrinsic angular momentum of photons associated with their
polarizations. This external angular momentum of the photon states is coming from the
helical phase structure on the optical wavefront. The OAM of photon states is the reason
why they have been suggested for optical data storage [37] and gearing micromachines,
such as optical tweezers [23, 29] and optical manipulation for MEMS [23]. The superposition
of OAM of photons by Mach-Zehnder interferometer [38-39] has also attracted great
attentions because of their potential applications in quantum computation and quantum
information processing.

Ordinary beams carry only “spin angular momentum”, encoded in the polarization of light.
All possible spin states can be constructed with just two polarization states (vertical and
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horizontal, or clockwise and counterclockwise). In 1992, however, Allen [35] showed that
OV beams carry a discrete OAM of m# units per photon along their propagation direction
because of having an azimuthal phase dependence of the form exp(—im#) . For the light with

OAM, the energy spirals around the beam axis. Therefore there would be OAM transferring
to materials while interacting with materials, which can make the particles in the beam spin
around the beam axis.

Here, the superpositions of the photon OAM has also been obtained by using a combined
computer generated hologram (CCGH) which is fabricated inside the polished silica glass
with a near infrared 800 nm femtosecond laser. The CCGH is combined by two special
binary CGHs of OV which are recorded by the interference of OV beams with a planar beam
simulating on the computer and directly written and recorded inside the glass by
femtosecond laser pulses induced microexplosion because of multiphoton absorption. The
OV beams with new topological charges can be reconstructed in the diffraction field with a
collimated He-Ne laser beam incidence to the fabricated CCGH normally, which reveals the
superposition of OAM of photons successfully.

From above, we can obtain two CGHs by choosing topological charges m=1 and m=3
with the same A (depicted in Fig. 5 (a) and (b)) for getting the same diffracting angle of the
diffracting beams in the same diffracting order. In order to get the CCGH, two CGHs were
combined with an orthogonal style by keeping one invariable and the other one rotated to
vertical direction (depicted in Fig. 7 (a)).

After getting the binary CCGH, we directly fabricated it inside the silica glass sample with
four planes being polished by femtosecond laser pulses writing directly. The same
femtosecond laser system was used as the irradiated source, and the schematic setup was

i o i BE S W B E
nEEE RSN
HEERERERES
smadlENER RS

2ot zwmeeny
ANBETI o2 enns
BEFsEsEsumuan
EREERSE ose WS
BREERIERY S &N
dein b P L ERE FE B
Edii.t # S5 3 F g p oA

(c)
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Fig. 7. (a) The CCGH combined with the two CGHs of the optical vortex with topological
charges of m=1, m=3 respectively, (b) The top view of the central part of the fabricated
CCGH, (c) The experimental setup scheme for the reconstruction of the CCGH.
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depicted in Fig. 5 (d). The used pulse energy could be controlled by the ND filter, and the
shutter system could control the switch of the femtosecond beam.

To record the desired CCGH, the sample was moved step by step and irradiated selectively
by the focused pulses according to the hologram pattern controlled by the PC. When the
area is blank in the hologram, the shutter system controlled by the PC will be closed. The
irradiated dots became opaque and shown as the “black region” while the unirradiated dots
remained transparent as the “white region”. The size of the resulted CCGH is 256 x 256 , and
every pixel in the recorded CCGH is controlled as 2 um . So the scale of the recorded CCGH

is 512umx512um in the silica glass. The top view of the central part of the fabricated

hologram under optical microscope is presented in Fig. 7 (b) according to the designed
CCGH depicted in Fig. 7 (a).

m=3+1=2

m=3-1=2

Fig. 8. (a) The diffraction pattern of the fabricated CCGH, (b) The analytical results for the
four superposed modes

To reconstruct the optical vortex beams from the fabricated CCGH, a collimated He-Ne laser
beam was been incident normally on the CCGH. In order to get an excellent diffraction
result, we place a mask with a special aperture array in the diffraction beam path to block
out the zero-order diffraction as shown in Fig. 7 (c). Then, the diffraction pattern depicted in
Fig. 8 (a) could be taken by a digital camera on the screen. The OV beams with topological
charges m=+1 and m =43 should be generated in the first order of the diffraction field
respectively. However, the OV beams with m=+2 and m=+4 can also be attained in the
first order diffraction modes. We also give an analytical result for the OV beams with new
topological charges as shown in Fig. 8 (b), which shows high fidelity to OV beams.

The OVs with new topological charges can be attributed to the superposition of the
topological charges between +1 orders of the two CGHs. We give a sketch for the
explanation of diffraction modes as shown in Fig. 8. We can see that the topological charge
is m=4 in the position of the cross between +1 order for CGH with m=1 and +1 order
for CGH with m =3 from the Fig. 9, while the topological charge is m =-2 in the position
of the cross between +1 order for CGH with m=1 and -1 order for CGH withm =3.

In order to confirm the theoretical explanation about the superposition of the topological
charges, we use another CCGH made by two CGHs with m =1 depicted in Fig. 5(a), and
the diffraction pattern is shown in the Fig. 5(b). From the Fig. 5(b), we can find that the
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+1 order for m=1
the beam with m=1

0 order for m=1
the beam with m=0

-1 order for m=1
the beam with m=-1

-1 order for m=3 0 order for m=3 +1 order for m=3
the beam with m=-3 the beam with m=0 the beam with m=3

Fig. 9. The sketch for explanation of diffraction mode

(a) (b)

Fig. 10. (a) The CCGH combined by two CGHs with m=1, m=1, (b) The diffraction pattern
for the CCGH showed in (a), (c) The enlarged version for the superposed gaussian mode
with m=0

diffraction pattern in the position of the cross between the +1 order and the —1 order has
become to a Gauss mode with the topological charge of m =0, and the analytical profile of
the superposed beam is depicted in Fig. 5(c). It can be seen that our explanation about the
superposition of the topological charges is reasonable.

We also measured the diffraction efficiency by a power meter at the wavelength of 632.8 nm.
The efficiencies of diffraction beam with m==%1 and m =13 were 2.2% respectively, and
those of diffraction beam with m =2 and m =14 were 1.1% respectively.

The CCGH method would be an effective way to realize the superposition of the photon
OAM. It would be significant for the micromachining, optical tweezer, quantum
computation and quantum information processing to superpose the diffraction beams with
the CCGH combined by two CGHs with the same spatial period A . Because it is much
easier to generate the superposition of the OAM of the photons compared to by the methods
of Mach-Zehnder interferometer [38, 39].
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5. Self-assembling volume grating in silica glass

From above experimental results, we can know that the first diffraction efficiencies of the
fabricated DOEs are comparatively small. It would be very significant if the diffraction
efficiency of these diffractive optical elements could be increased. According to the grating

parameter Q = 27zﬂ,d/ (nAz) defined by Kogelnik [11, 12, 16, 40], where A is the period of the

gratings, d is the thickness of the diffraction grating, n is the refractive index, and A is the
wavelength of the incident beam, we can enlarge the thickness or reduce the period of the
diffraction grating for obtaining a larger diffraction efficiency. Because of the self-focusing
and self-defocusing effects, there would be a line of self-assembly periodic nanovoids
generated spontaneously along the propagation direction of the laser beam, when a
femtosecond laser beam is focused into transparent glass with proper pulse energy. That is
to say the entire length of the void structure and the shapes of the generated voids could be
controlled by varying the laser parameters. So far, there have been reported to form a
submicrometer-sized void array in borosilicate glass [41], SrTiO3 crystal [42], AlOs crystal
[43], CaF2 crystals [44], fused silica glass [45] and so on.

Here, we fabricated volume grating inside silica glass induced by a tightly focused
femtosecond laser pulses. The first order diffractive efficiency (FODE) of the fabricated
gratings is depending on the energy of the pulses and the scanning velocity of the laser
greatly, and the highest FODE reaches to 30% nearly. The diffraction pattern of the
fabricated grating is also numerically simulated and analyzed by using a two dimensional
FDTD method and Fresnel Diffraction. The numerical simulated results proved our
prediction on the formation of the volume grating is correct which agree well with our
experiment results.

5.1 Experimental results

The schematic illustration of the experimental setup is shown in Fig. 11 (a), which is similar
with Fig. 5 (d). The commercially available polishing fused silica glass with size of
8mmx5mmx4mm was mounted on the micro-stage. The laser beam with a diameter of 6mm
in Gaussian profile was focused inside the glass sample by a 50X objective lens with
numerical aperture of 0.80. And the femtosecond laser beam is focused to 100 ym beneath
the surface of the sample. The energy of the pulse can be turned by a ND (neutral density)
filter. A shutter system was used to control the number of the deposited pulses selectively.
As depicted in Fig. 11 (b-d) , line style structures induced by femtosecond laser pulses
consisting of a group of voids and a filamentation could be observed along the incident
direction (arrow direction) inside samples. It is observed with the increase of the number of
the pulses, the length and the diameter of the induced structure are becoming larger and
larger and the void group is becoming more regular (see Fig. 11 (b)). Similarly, with the
increase of the pulse energy, the length of the line structures induced by both single pulse
(see Fig. 11 (c)) and the double pulses (see Fig. 11 (d)) are also becoming longer, which
implies with the decrease of the scanning speed (more laser pulses irradiating in a certain
spot) and the increase of the pulse energy, the length of the fabricated line structure would
be increased. It is notable to mention that when the pulse energy is decreased to 3.80y] for
the single pulse interacting, the voids almost disappear, with a long sharp filamentation left,
as is depicted in Fig. 11. (c). The formation of the filamentation in the silica glass sample is
one of the most fundamental nonlinear optical phenomena and results from the dynamic
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balance between self-focusing arising from an increase in the refractive index and self-
defocusing arising from diffraction or plasma formation [46-47].

CCD (a) single pulse - (b)
Camera
two pulses
Femtosecond et » -
laser pulse S SE B f'—O'um
[ |
— 21.5u] (C)
Elutter system 12.8uJ Be—
Objective 3.8u] 20m
The voids — 20.84] p: ( d)
— The sample —> i
YKX | 6.0uJ
Computer XYZ stage | 1.OuJ 204m

Fig. 11. (a) The sketch of the experimental setup for the generation of periodic voids, Side
view of the voids array induced in silica glass by femtosecond laser pulses, (b) Different
number of with pulse energy of 20y], (c) Single pulse with different energies, (d) Double
pulses with different energies. The scale bars in the Figure are 20um. The arrows show the
direction of the pulses propagation, and the lop lines express the focus place

(b) E=1.7644J,v=1000Lmm/ s

E=7.38uJ,v=1000m/ s

Fig. 12. the fabricated grating: (a) top view, (b) side view; diffraction pattern of the grating
obtained under different conditions: (c) E=1.76p], v=1000um/s, (d) E=7.38u]J, v=1000pm /s

A series of grating could be fabricated in the silica glass sample by moving the computer-
controlled XYZ translation micro-stage at different scanning speeds and different pulse
energies. One of the typical fabricated grating is shown in Fig. 12 (a) and (b) with the pulse
energy and the moving speed of the stage of E=3.520u] and v=500um/s respectively. The
period of the fabricated grating is set to 20um. From Fig. 12 (b), we can observe that the
depth of the grating is reaching to 120um nearly, which is six times of the periods, so we
called it volume gratings. The diffraction pattern of the fabricated grating could be obtained
by a collimated He-Ne laser beam normally incident on the fabricated grating, and two
typical diffraction patterns are depicted in Fig. 12 (c) and (d) by keeping the scanning speed
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at v=1000um/s but different pulse energy E=1.176u] and E=7.380u] respectively. It is
apparent that the first diffraction efficiency of the fabricated grating by E=7.380y] is larger
than that of E=1.176p], which shows the first diffraction efficiency of the fabricated grating is
depending upon the pulse energies greatly.

We also measure the transmittance efficiency and diffraction efficiency of the fabricated
gratings by laying a power meter at the wavelength of 632.8nm behind the sample for
detecting the diffractive He-Ne laser. Here, we defined the transmittance efficiency (TE) to
be the ratio between the intensity of whole transmittance and that of incident beam. The
variation tendency of the transmittance efficiency with the different pulse of energy and
scanning velocity is shown in Fig. 13 (a). We found that the transmittance efficiency
decreases for higher pulse energy and slower scanning speed. It can be explained by the fact
that the absorption and scatterance are enhanced because of stronger microexplosion and
the more generation of color centers. We also defined the first order diffraction efficiency
(FODE) and normalized first order diffraction efficiency (NFODE) to be the ratio of the
intensity of the first-order diffraction to the incident intensity and the transmitted intensity
respectively. And the corresponding variation tendencies are shown in Fig. 13 (b) and (c).
With the increase of the pulse energy, the FODE would enlarge to a maximum firstly, and
then decrease gradually depicted in Fig. 13 (b). However, NFODE nearly increases all the
time as shown in Fig. 13 (c) expect for situations with too large energies.
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Fig. 13. (a) Variational tendency of the transmittance efficiency(TE) with the different pulse
of energy and scanning velocity, (b) Variational tendency of the first order diffraction
efficiency(FODE) with the different pulse of energy and scanning velocity, (c) Variational
tendency of the normalized first order diffraction efficiency(NFODE) with the different
pulse of energy and scanning velocity.

Now we give a physical description of the phenomenon observed above: With the increase
of the pulse energy, the depth of the fabricated gratings would be increased, so does the first
order diffraction according to Kogelnik’s equation [13]. However, the absorption and
scatterance are also enhanced at the same time. When the former is dominated, the FODE
would be increasing; while the posterior is dominated, the FODE would be decreasing, as
shown in Fig. 13 (b). On the other hand, if we neglect the influence of the absorption and
scatterance, the NFODE should be always increasing as is depicted in Fig. 13 (c). For
different scanning speed at the pulse energy of 1.760y], it is observed that the FODE
decreases with increasing scanning speed, and the maximum is only 3.2% for v=100um/s.
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However, when the pulse energy increase to 3.520y], the maximum of the FODE reaches to
11.6% for v=500um/s, and the FODE for circumstance of v=100um/s and v=200um/s are
comparatively small compared to v=500um/s. For the pulse energy of 7.380u], the biggest
diffraction efficiency reaches to 15.1% for v=1000um/s, but the others decrease to a lower
level compared to that of E=3.520y]. Going on increasing the pulse energy to 12.83y], all of
the FODE decrease to a relative lower level compared to E=7.380y].

We deem that when the pulse energy is 1.760u], the induced microexplosion and the
darkening region is comparatively small. When the scanning speed is slow, the fabricated
grating is thicker than that for large scanning speed, so the FODE is larger. While the pulse
energy reaches to 3.520u], the depth of the gratings would be bigger, so the FODE would
become bigger than the former. The microexplosion and the darkening region would also
increase, and the slower the bigger, so the FODE for v=100um/s is smaller than that for
v=500um/s and v=200um/s. For v=1000um/s, the resulted grating is not so compacted
compared with other scanning speed, so the FODE is smaller. However, when the pulse
energy reaches to 7.380y], the resulted gratings could be compacted enough, so the FODE
reaches maximum too. But for v=500um/s, v=200um/s, and v=100um/s, the FODE is
decreasing at E=7.380u] because of the enhancement of the microexplosion and the
darkening region. For pulse energy of 12.83y], resulted gratings is too compacted, and the
absorption and scatterance dominate, so all of the FODE is decreased to a lower level.
Moreover, the order of the FODE is in a reverse order compared to that of E=1.760y], just
because of the different dominant mechanism for lower and higher energy.

5.2 Simulated results

In order to verify our explanation on experimental results, we simulate the diffraction process
of the induced gratings without regard to the optical absorption by the combined methods of
two dimensional FDTD and Fresnel diffraction as shown in Fig. 14 (a-c). The scale of the
simulation districts is chosen to be h, =200pm and h, =80pm, and assume the sample is
uniform along the direction of Y axes. The grating period is set as d,, = 20pm according to our
experimental reality, and the refractive indexes of silica glass and the filamentations are
n,=15and n; =n,+n respectively, where on is the refractive index change (RIC) induced
by the laser. The refractive index of the background (air) isn, =1.0. According to our
experimental results as depicted in Fig. 11 (b-d), the filamentations could be simplified as
composite regions combined by a rectangle and followed by a triangle (see Fig. 14 (b)), and the
width of the rectangle region is d,,., . In our simulation, the sample is divided into four regions
labelled A, B, C and D respectively, and the length (along Z axes) of region A, B are set as
h, =5pm and hg =10pm respectively. We could change the length of region C (h), the
refractive index variation onand the width of the rectangle regiond,,,, so as to match
different conditions in our experiment. We use a Gauss form continuous source in front of the
sample with a twist @ =40pm and wavelength 4, = 0.8pm . The position of the source waist
is marked with green line in Fig. 14 (b).

To obtain the far field diffraction, we extract the amplitude and phase distribution of the
electric field in the plane (x,y) behind the silicate sample to be E(x)zA(x)ewj(x), and
assume the scale of the sample in the third dimension to be constant. Then the diffraction
pattern of the far field in the (x'y') plane can be solved using the Fresnel Diffraction
Integral as below:
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(a) (b) (c)

.................

d=20cm

(x',y')@

Fig. 14. (a) A simple sketch of our numerical method, (b) A typical example of the
distribution of the amplitude of the electric field inside the sample. (c) Distribution of the
amplitude of the Electric filed in the silicate glass sample.

B(x) =S [ p(n) 2Rl cos041 6)
JA r 2

Where r = /d> + (x - x')2 , 0= arccos(d / r) , k is the wave-number, Cis an constant

introduced by the integration along the third dimension. The distance between the two
planes is fixed to be d =20cm , which is in consistent with our experiment. And we observe

the distribution of the electric field in the (x‘,y') plane along the x'axis.

The numerical simulated results are shown in Fig. 15. After more than 20000 iterations, we
could attain stationary distribution of the electric amplitude inside the silicate glass sample
as depicted in Fig. 14 (c) (athc =40pm,on =0.002,d,,. =10pm ). The far field diffraction
patterns of the given volume grating at which 4, =10pm,6n=0.005 with different
depths(h, =10,20,40um ) are depicted in Fig. 15 (a), which shows that with the increase of the
depth of the grating, the diffraction efficiency is increasing, which verify our former
physical explanation and agree with our experimental results very well as depicted in Fig.
13 (c).

With the increase of the pulse energy or decrease of the scanning speed, the fabricated lines’
width (d,,.) of the induced grating would increase obviously as depicted in Fig. 11 (b-d). So
we also give a numerical simulation on the far field diffraction patterns of the volume
grating by keepingh,=20pm and 61 =0.005but with different line widths
(d, =15,10,5um ) are depicted in Fig. 15 (b), which shows that with the increase of the line
width (4, ), the first order diffraction efficiency is increasing. In other words, increasing the
incident pulse energy (leading to the increase of the line width and the depth of the induced
grating) would enhance the FODE if we can take no account of the absorption.
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Fig. 15. The far field diffraction of the distribution of Electric filed along the x'direction, (a)
h,. =10pm,én = 0.002 and the three curves correspond to different depths of the induced
gratings: 1, = 10(red), 20(blue) and 40 pm (black) respectively; (b) i, = 10pm,n = 0.002 and the
three curves correspond to different width of the filaments: 4, = 15(red), 10(blue) and

5 pm (black) respectively; (c) d,,. =10pm, i, = 40pm and the three curves correspond to
different variations of the refractive index: 6n =0.007 (red), 0.005 (blue) and 0.012(black)
respectively.

We also simulated FODEs depending on the different RIC (¢on=0.002,0.007,.0012) by
remaining d,,, = 10pm, i, = 40pm . From the simulated result as shown in Fig. 15 (c), we can
observe that the RIC would affect the FODE strongly. Especially, for on =0.012 , the FODE is
higher than the zero order diffraction efficiency (ZODE) for the normally incident beam. In
fact, in our simulation if we further enlarge the RIC, the ZODE would be minished
correspondingly. It is possible that the ZODE minish to zero absolutely at a certain RIC that
relates to the depth of the grating (1, ). That is to say the energy of the zero order diffraction
could transfer to the first and higher order diffraction. Therefore, if we can accurately
control the RIC and £, inside the glass sample induced by femtosecond laser, we could
control the diffraction pattern very well.

6. Conclusion

In conclusion, optical information has been stored on the metal film by femtosecond laser
pulses with the aid of the computer-generated hologram (CGH) encoded by the detour
phase method. Furthermore, the object wave has been reconstructed by using a collimated
He-Ne laser beam in a proper way, and the result shows a high fidelity to the original object.
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The CGH of the OV has been fabricated inside glass by the femtosecond laser pulses. And
we realized the restructured optical vortex beam of both the transmission and reflection
pattern with high fidelity using a collimated He-Ne laser beam. We have realized the
superposition of the OAM of photons with CCGH of OVs. The CCGH was formed by
combining two CGHs of OVs in a special way and directly written inside glass by
femtosecond laser pulses induced microexplosion. The OV beams with different photon
OAM can be generated from different topological charges carried by the diffraction beams
from the CCGH. Theoretical analysis and experimental demonstrations have been given to
explain the generations of the superposition of the OAM. The efficiencies of the first order
diffraction waves have been measured to be about 6.6% in total.

In order to enhance the first order diffraction efficiency, we have researched the way to
fabricating the volume grating inside silica glass by tightly focused femtosecond laser
pulses. The femtosecond pulses induced multiple microexplosion and the self-focusing and
self-defocusing effects in the transparent materials have been considered as the reasons for
the formation of volume grating. The first order diffraction efficiency of the induced grating
is measured by a collimated He-Ne laser and the highest NFODE reaches to 30% nearly. We
also have constructed a grating mode and attained the simulated results by using a two
dimensional FDTD method and Fresnel Diffraction. The numerical simulated results
verified our physical viewpoint on the formation of the volume grating is correct which
agree well with our experiment results.
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