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The paper presents an overview of the benefits of recording phase masks into the bulk of photo-thermo-refractive
glass. We demonstrate that both binary and gray-scale phase masks can be encoded into the medium, and that
such masks can be used for mode conversion and beam shaping with near-theoretical efficiency. We further dem-
onstrate that by encoding the phase mask profile into a transmitting volume Bragg grating, it is possible to create

tunable and achromatic phase masks without requiring a complex phase pattern.
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1. INTRODUCTION

Phase masks that provide a predetermined profile of phase re-
tardation across the aperture of optical beams are an efficient
method for beam control and shaping (see, e.g., [1-3]), beams-
plitting, coronagraphy [4—6], and in general a way to fabricate
diffractive optics used in a broad spectrum of applications [7].
It is known that phase can be controlled either by varying the
physical thickness or the local refractive index of a plane parallel
plate, and multiple authors describe the methods necessary to
create either binary or multilevel phase elements [7-9].
Conventional methods of such optical element fabrication
are typically based on spatially selective etching or deposition
[1-6]. However, one of the main drawbacks of such techniques
is that these elements are very sensitive to their working con-
dition (dust, humidity, etc.) as the phase profile is controlled by
very shallow grooves. With the development of new photosen-
sitive media, it becomes possible to spatially control the local
refractive index and therefore to record similar phase plates
without changing the local physical thickness of the plate.
One of the most advanced photosensitive materials is photo-
thermo-refractive (PTR) glass. PTR glass exhibits refractive
index change after successive exposure to ionizing radiation
and thermal treatment at temperatures above the glass transi-
tion temperature and is commercially used for the recording of
diffractive holographic elements (volume Bragg gratings) [10]
and refractive elements (Fresnel lenses) [11]. The main features
of these optical elements are their low absorption and scattering
in the visible and near IR spectral range and their high laser
induced damage threshold, which make them very suitable
in high power laser applications [12,13]. In this paper, we
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present an overview of different wavefront shaping elements
recorded in PTR glass and their recording techniques. The pa-
per begins with the description of the contact copy technique in
application for fabrication of permanent binary phase masks
with high tolerance to laser radiation [14]. Implementation
of an imaging technique based on a digital micromirror device
significantly extends capabilities and the functionality of the
phase masks recording technique, making it possible to produce
phase masks with arbitrary gray-scale phase profiles [15]. It is
then demonstrated how the phase profiles can be encoded into
a volume Bragg grating resulting in spectrally tunable phase
masks whose operation wavelength can be adjusted by tuning
the incident angle [16]. Finally, it is shown how holographic
phase masks can be incorporated into an achromatic optical
system capable of performing mode conversion of broadband
sources such as femtosecond lasers [17].

2. BINARY PHASE MASKS

One common use for phase masks is conversion between differ-
ent beam profiles. In particular, let us consider methods for con-
verting a Gaussian beam into a higher order TEM,,, or LG,,,
mode. Transforming a Gaussian beam into higher order modes
can be achieved with 100% conversion efficiency using an in-
terferometric arrangement [18], but this can be time-consuming
to align and is sensitive to vibrations. Transformation into the
TEM;; mode or LGgs mode can also be achieved using
binary phase masks containing either four or eight sectors in
an azimuthal pattern, respectively, with each sector having a
phase incursion shifted by z relative to the phase incursion of
the adjacent sectors (Fig. 1) [4-6].
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Fig. 1. Phase profile for (a) four-sector and (b) eight-sector binary
phase masks for Gaussian beam transformation to TEM;; and LG4
modes, respectively.

While all previous demonstrations of such binary masks
have been carried out by local modification of the sample’s
thickness, we will consider in this paper mode convertors based
on volume phase masks (VPMs) where phase incursion is
produced by local variations of refractive index [14].

A Gaussian beam passing through the centers of such VPMs
will have a far field intensity distribution as shown in Fig. 2.
The distribution of energy, however, may not be similar to the
higher order mode of the same width as the Gaussian beam,
since the bucket for a higher order mode is much larger than
the bucket for a Gaussian beam. Therefore, it is evident that the
width w of the mode in question may not be equal to the width
uy of the incident beam for optimal conversion, and thus the
efficiency should be defined in terms of the relative widths:
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Here T is the transmittance function of the phase mask. For a
given incident beam width #, calculations indicate that the
maximum conversion efficiency of the four sector VPM into
the TEM;; mode is 68.4% (when w/uy = 0.577) and the
maximum efficiency of the eight sector VPM into the LG4
mode is 29% (when w/u, = 0.445).

In order to validate this model we fabricated two phase
masks in 25 mm x 25 mm PTR glass plates using the contact
copying technique and binary amplitude master masks.
A master binary amplitude mask was first recorded lithographi-
cally in a fused silica plate for each pattern. This mask permit-
ted selective exposure of the PTR glass with the designed
profiles, in order to achieve a lower refractive index only in

(a) (®)

Fig. 2. Theoretical far field intensity profile produced by the
(a) four-sector and (b) eight-sector VPM.
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Fig. 3. Experimental far field intensity profile produced by the
(a) four-sector and (b) eight-sector VPM.

the UV-exposed regions. The PTR plate was then placed in
contact with the master mask having matching fluid in between
them and homogeneously exposed to UV radiation from a
He—Cd laser at 325 nm with a dosage of 1 J/cm?. The samples
were then developed at a temperature of ~520°C.

As the total phase incursion is given by
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the plates were subsequently polished down to a given thickness
L in order to secure a 7 phase shift between the unexposed and
the exposed regions at 4 = 633 nm. It should be noted that
during recording there is diffraction of the UV beam at the
edges of the amplitude mask. This results in a transition region
of approximately 6 pm width between the sectors, which has a
negligible effect on the conversion efficiency.

The phase masks were placed in a collimated single mode
beam from a He—Ne laser emitting at 633 nm with a Gaussian
intensity distribution, and the intensity distribution of the
transmitted beam was characterized in the focal plane of a lens
(Fig. 3). Excellent agreement with the theoretical intensity
distribution can be observed.

The results show that volume phase masks with plane par-
allel polished surfaces recorded in PTR glass are elements
capable of controlling the intensity profile of laser beams.
The two examples demonstrated partial conversion of a
Gaussian beam to the TEM;; mode or the LGy; mode with
near-theoretical profiles. These phase masks are very robust (the
element is written within the volume of the robust glass plate
and cannot be deleted or altered) and are highly suitable to high
power and high energy (CW or pulsed) applications. Further,
the refractive index change can be adjusted as necessary for use
at any wavelength.

3. GRAY-SCALE PHASE MASKS

While the binary phase masks described above are capable of
beam shaping, their binary nature limits the maximum conver-
sion efficiency possible. This can be surmounted by using gray-
scale phase masks instead of binary masks. A gray-scale phase
mask can have any phase variation from 0 to 27. Production of
phase masks with gray levels using the contact-copy method is
considerably more challenging than binary masks and, hence,
comes at excessive cost. For that reason, the phase variation in
greyscale masks is more often created by varying the thickness
of the mask while keeping the refractive index change uniform
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Fig. 4. Example of a phase incursion profile for a gray-scale vortex
phase mask.

across the mask. Phase masks of that type are typically fabri-
cated by etching and deposition techniques in glass or polymer.
An example of a common phase mask of that type is a plate
with the thickness of the plate varying in a spiral pattern, which
introduces a helical phase profile in a beam upon passing
through it (Fig. 4). Phase masks with variable thickness fabri-
cated in glass are more durable than their counterparts pro-
duced by refractive index change in polymers. However, the
fabrication process is very time consuming and cost intensive
since thickness of the plate in each segment has to be
maintained with high accuracy to ensure that no aberrations
are introduced into the beam during beam shaping [19,20].

In this part of the paper, we present a new method for re-
cording gray level phase patterns inside PTR glass [15]. It pro-
vides a relatively inexpensive and durable solution for wavefront
shaping of laser beams, including high power beams. The
method employs a digital micromirror device (DMD) for gen-
eration of an amplitude pattern, which is then transformed into
the corresponding phase pattern by being recorded into a vol-
ume of a photosensitive PTR glass. The subsequently created
phase mask can be placed into a laser beam path for beam
shaping and mode conversion.

The DMD device is a micro-opto-electromechanical system
that contains a rectangular array of micrometer-sized mirrors
that can be individually controlled to provide tilt to specific
angles (-12° or +12° for our chosen DMD), corresponding
to “off” and “on” states, respectively [21]. Applying voltage
to individual mirrors will set the mirrors into “on” position,
and therefore, a spatial pattern of high complexity can be
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achieved. This pattern is then imaged into a slab of photosen-
sitive material. The areas corresponding to mirrors in the “on”
position will be exposed, and those areas will obtain a refractive
index change with respect to unexposed areas, thus creating a
certain phase shift. Grey-scale phase patterns can be created as
well by varying the total duration of the target mirror being in
the “on” position, thus enabling a controllable illumination
dosage and therefore any value of phase shift between 0 and
27 in the photosensitive medium. The ultimate complexity
of the pattern is only limited by its highest spatial frequency,
which is determined by the resolution of the DMD and of the
holographic material.

The main advantage of this recording technique can be
demonstrated by creating a gray-scale phase mask such as a vor-
tex phase mask. The designed 14-step phase profile of the vor-
tex phase mask is shown in Fig. 5. The phase undergoes a linear
change from 0 to 27 in an azimuthal profile around the mask.
This phase mask can be used to convert a Gaussian beam into a
helical Laguerre—Gaussian beam of the first order LGg; with an
optical vortex in the middle. The spatial phase profile of an
actual vortex phase mask created using the recording system
and measured with a Zygo interferometer is shown in
Fig. 5(b). Black areas in the spatial phase profile are the result
of a sharp refractive index gradient that could not be processed
by the used interferometer. The phase profile shown in the fig-
ure corresponds to the mask fabricated to work at 633 nm with
thickness of 1.1 mm and 575 ppm refractive index difference at
the 27-phase shift boundary. It can be seen that the mask dem-
onstrates successful conversion of a Gaussian beam to the LG,
mode. The resulting ring shape intensity profile is shown in
Fig. 5(d), and it resembles the theoretically predicted far field
profile [Fig. 5(c)]. Figure 5(¢) demonstrates an LG,; mode
generated from a Gaussian beam by means of a similar mask
produced for operation at 1064 nm.

The vortex phase mask demonstrated above is an illustrative
example of the capabilities of gray-scale phase masks in PTR
glass for beam shaping and mode conversion, but it is far from
the only possible profile. Beams of many other profiles can be
generated using a corresponding phase mask design, be it a
binary mask, multilevel, or smooth and continuous mask.

In conclusion, we have shown here that it is possible to rec-
ord gray-scale phase profiles as well as binary profiles into PTR
glass. The production of such masks is more cost-efficient com-
pared to phase plates produced by surface processing, and it
allows PTR-based masks to be used for virtually any phase
pattern, which in turn can be used to generate a wide range
of optical beam profiles.

(a) (b) (©) (©)) (e)

Fig. 5. Vortex phase mask with (a) target phase profile, (b) measured phase profile, (c) ideal mode conversion, (d) measured mode conversion at

633 nm, (¢) measured mode conversion by another mask at 1064 nm.



D64 Vol. 58, No. 13 / 1 May 2019 / Applied Optics

Research Article

4. HOLOGRAPHIC PHASE MASKS

The advantages of using phase masks recorded into the bulk of
PTR glass can be further enhanced by encoding the phase mask
profile into holograms. Here we present a method to create
spectrally tunable phase masks by encoding phase profiles into
volume Bragg gratings, allowing these holographic elements to
be used as phase masks at any wavelength capable of satisfying
the Bragg condition of the hologram [16]. Moreover, this ap-
proach enables the capability to encode and multiplex several
phase masks into a single holographic element without cross
talk while maintaining high diffraction efficiency. As examples,
we demonstrate fiber mode conversion with near-theoretical
conversion efficiency as well as simultaneous mode conversion
and beam combining at wavelengths far from the original
hologram recording wavelength.

As described earlier, phase masks, whether conventionally
fabricated or recorded in the bulk of a photosensitive medium,
are capable of inducing arbitrary beam shaping to an incident
beam. However, because the phase shift is induced by changing
the local optical path length (whether by refractive index
change or geometrical path length change) these phase masks
are inherently limited to use at a specific wavelength, which
limits the range of potential applications. To increase this
range, achromatic phase masks have been previously produced
utilizing either birefringent materials or the birefringence in dif-
fraction gratings with periods below the working wavelength
[22,23]. Other techniques include wavelength multiplexing
several computer-generated holograms so that arbitrary wave-
fronts can be generated when illuminated by the appropriate
wavelength beam [24-26]. This technique allows the diffracted
beam to have the same wavefront for multiple incident wave-
lengths but requires that a separate hologram be recorded for
each desired wavelength. Therefore, to make this a truly ach-
romatic device many holograms must be recorded, and the dif-
fraction efficiency of each hologram will necessarily be reduced.

We have developed a new approach where a tunable element
can be generated by encoding predetermined phase mask pro-
files [14] into transmitting volume Bragg gratings (TBGs)
[27,28], which produce holographic phase masks (HPMs).
Though this technique has been demonstrated for HPMs uti-
lized at reconstruction wavelengths identical to the recording
wavelength [29,30], we show that HPMs can produce identical
diffracted phase profiles over a wide range of wavelengths as
long as the Bragg condition of the volume grating is satisfied
[16]. This is in contrast to more complex holograms where,
though they can be read at any wavelength satisfying the
Bragg condition, generally cannot reconstruct the same phase
profile at wavelengths different than the recording one. The
HPM utilizes the diffraction characteristics of TBGs, which
can diffract up to 100% of a beam into a single order and
can diffract over a broad range of wavelengths by changing
the angle of incidence (with the diffraction efficiency depend-
ing on the wavelength and strength of the grating) [23]. The
high angular selectivity of a TBG also allows for several TBGs
to be multiplexed into the same element with little to no cross
talk between gratings; each grating is accessed by altering the
beam’s angle of incidence onto the element. To simplify
fabrication and to provide a clear demonstration of the

Complex
Phase
Phase Hologram
Element

Fig. 6. Experimental setup for holographic recording of a phase
mask encoded in a transmitting volume Bragg grating. BS, beam-
splitter; M; and M,, mirrors.

phenomenon, we chose to use binary phase profiles, but the
approach is fully applicable for multilevel phase masks as well.

To encode the phase profile into a TBG, consider the holo-
graphic recording setup in Fig. 6. Here a multilevel phase mask
has been placed into one arm of a two-beam interference system
(the object beam), where the two beams interfere at an angle 6
relative to the normal of the holographic sample. If the thick-
ness of the sample, the axial distance between the phase mask
and the sample, and @ are small, then the phase profile recorded
in the hologram will be approximately the same as that of the
original phase mask. The recorded hologram will have a
refractive index profile of

n(x,y,2) = ng + my cos(K - 7 + p(x,9)), @)
where 7 is the background refractive index, 7, is the refractive

index modulation, and K = £, - /;2 is the grating vector.
Once the hologram is recorded, it is placed in a system with
some probe beam to be diffracted, which may or may not have
the same wavelength as the recording beams.

In order to directly and accurately compare the diffraction
efficiency of the HPM with that of a standard TBG, we fab-
ricated a sample containing both an HPM and a homogeneous
TBG in the same volume of PTR glass. This was done by re-
cording an HPM and then removing the phase mask from the
object beam and rotating the PTR glass sample without lateral
shifting to record a tilted TBG with the same recording dosage.
Recording both elements in the same volume ensured that the
local refractive index change and any sample inhomogeneities
would be shared between the elements and demonstrated a new
opportunity for holographic phase mask multiplexing. As
shown in Fig. 7, the diffraction efficiencies of each element
are approximately the same, showing good agreement with
theoretical predictions. Note also that there is no cross talk be-
tween the two multiplexed holograms, demonstrating that the
HPM preserves the narrow angular acceptance of stan-
dard TBGs.

As demonstrated previously, a four-sector binary phase mask
can itself be used as a partial optical mode converter when the
probe beam center is properly aligned with respect to the phase
steps. Such a binary phase mask, though, works only for the
particular wavelength for which the phase shift is 7. As shown
in Fig. 2(a), the expected far field intensity profile for a beam
passing through the center of a four-sector regular binary phase
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Fig. 7. Diffraction efficiency angular spectrum of an HPM and a
homogenous grating.

mask consists of a four-lobed clover pattern, indicating partial
conversion to the TEM;; mode. However, effective mode con-
version only occurs at the design wavelength. Similar mode
conversion results have been recently demonstrated for fiber
modes [31]. To demonstrate the capabilities of HPMs we en-
coded such a four sector binary phase mask in a TBG. If the
encoded binary phase steps are indeed transferred to the probe
beams diffracted from the HPM at their respective Bragg wave-
lengths, the HPM should simultaneously act as a diffraction
element and a mode converter when the beams are correctly
aligned to the phase steps. Three beams (3 mm in diameter
at 1/¢?) at wavelengths in the visible and the infrared regions
were applied to study the wavelength dependence of diffraction
and mode conversion using the HPM.

As shown in Figs. 8(b)-8(d), for the three very different
Bragg wavelengths (632.8, 975, and 1064 nm), the diffracted
beam profiles exhibited the predicted four-lobed pattern.

O +O
00
o) (b)
QO O
© @

Fig. 8. (a) Simulated far field profile of a beam after passing through
an ideal four-sector binary mask and the diffracted beam from a four-
sector HPM at (b) 632.8 nm, (c) 975 nm, and (d) 1064 nm. The sizes

shown here are not to scale.
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This clearly confirms our initial thesis that the phase profile
is being preserved in the diffracted order for an extremely broad
range of wavelengths. Thus, contrary to conventional phase
masks, holographic phase masks are tunable in a wide spectral
range.

5. ACHROMATIC PHASE MASKS

In this last section of the paper we further extend the capabil-
ities of HPMs by presenting an achromatic optical system
capable of performing laser mode conversion over a wide spec-
tral range of 1 pm. The system builds upon the holographic
mode conversion elements described in the previous section
and consists of an HPM element inserted between two surface
gratings, allowing any wavelength to satisfy the Bragg condition
of the phase mask without the need for angular tuning.

True achromatization of HPMs can be achieved by pairing
the Bragg grating with two surface gratings [32]. According to
coupled wave theory [27], incident light onto a TBG undergoes
diffraction under the Bragg condition,

2AVBG sin HB == /1, (4)

where Aypg is the TBG’s grating period, 83 is the Bragg angle,
and A is the incident wavelength. A TBG’s Bragg condition is
similar to the dispersion equation for a surface grating:

ASG sin 0 = mA. (5)

Here Ay is the period of the surface grating,  is the diffracted
angle, and  is the order of diffraction. When the two gratings
periods satisfy the condition 2Atpg = Agg, the first order dif-
fracted angle from the surface grating will match the Bragg con-
dition for the TBG for all wavelengths. This circumvents the
broad but still finite spectral selectivity of the TBG and results
in increased diffracted spectral bandwidth and overall diffrac-
tion efficiency for sources with a bandwidth larger than the
TBG’s spectral selectivity. Although using surface gratings
with twice the period of the TBG’s period is ideal, gratings
with periods in close proximity have also been shown to be
effective [33].

The proposed system of the two surface gratings and the
holographic phase mask is laid out in Fig. 9 [17]. Here the
broadband input is diffracted through the first surface grating,
where the diffracted angle for each spectral component is equal
to the Bragg angle of the TBG.

With this configuration, the TBG’s spectral bandwidth
acceptance is highly dependent on the spectral diffraction
properties of the surface grating chosen. After pairing with
the first surface grating, the total spectral bandwidth of the
two elements will equal the bandwidth of the surface grating,
simulated to be ~750 nm (FWHM). This combination of sur-
face and volume gratings with periods’ ratio of 2 to 1 results in a
30 times improvement for the theoretical spectral bandwidth
(FWHM). The TBG paired with one surface grating, however,
does not remove the angular chromatic dispersion introduced
by the surface grating. This chromatic dispersion limits the ac-
tual bandwidth of the system to a couple of nanometers for
applications needing minimal chromatic aberrations, such as
mode conversion. Simply, adding a second identical surface gra-
ting after the TBG eliminates the angular dispersion, allowing
the full theoretical bandwidth of 750 nm (FWHM) to be
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Fig. 9. Concept of an achromatic holographic phase mask using a
combination of two surface gratings with a tunable holographic phase
mask placed between them.

collinear, vastly improving the achromaticity of the system from
a few nanometers to several hundreds of nanometers. When
replacing the TBG with an HPM, which has the same diffrac-
tion properties as a simple TBG, the resulting system becomes
an achromatic HPM (AHPM).

To experimentally demonstrate the potential applications of
the AHPM, a mode converter using a four-sector binary HPM
was setup. The goal was to achieve successful mode conversion
from a fundamental TEM, to a TEM;; mode profile for laser
sources of different wavelengths without needing to angularly
tune the HPM.

In the experiment five different narrow linewidth laser
sources were used in order to cover a wavelength range of over
1 pm (488-1550 nm). Commercial Argon—ion (488 nm),
He-Ne (543 and 632 nm), and diode (765, 1064, and
1550 nm) laser sources were used to show the achromatic prop-
erties of the AHPM. Successful TEM,,, to TEM,; mode con-
version was achieved for each source, as shown in Fig. 10.

Ultrafast femtosecond laser systems have enabled many
breakchroughs in the fields of science and technology, and cur-
rently extensive research is being done in manipulating the
transverse mode structure of such systems in order to further
their applicability [34]. As an example, the zero-intensity center
of higher order transverse modes provides an optical trapping
effect for a wide range of potential applications in subwave-
length nonlinear microscopy [35], optical tweezers for micro-
and nanomanipulation [36], and for creating filamentation of
radiation [37,38]. After the demonstration of the broadband
properties of AHPMs, it is obvious that they can be used in
creating such non-Gaussian beam profiles where broadband
laser sources are used. Using a commercial femtosecond laser
system (FemtoFErb 780 from Toptica Photonics, Inc), showed
the true potential of the HPMs in manipulating the wavefront
of broadband laser sources. Figure 11 shows the mode
transformations of the femtosecond beam (TEM,, to
TEMy;, TEM;j, and TEM;;) using the AHPM system.
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Fig. 10. Far field profiles of the TEM;; mode converted outputs
for an (a) 488 nm, (b) 543 nm, (c) 632 nm, and (d) 765 nm diode;
(e) 1064 nm, and (f) 1550 nm laser (sizes are not to scale).

&8

Fig. 11. Far field intensity profiles of femtosecond pulse Gaussian
mode conversion to (a) TEM g, (b) TEM,;, and (c) TEM,, after pass-
ing through the AHPM (sizes are not to scale).

The measurements of the spectrum of the beam after the
AHPM showed negligible alteration to the spectral structure,
confirming that broadband mode conversion is achievable
when using an AHPM system.

In conclusion, the pairing of an HPM with surface gratings
having twice its period to create an achromatic element func-
tioning as a phase mask for broadband sources was demon-
strated. These AHPMs may be used to simultaneously diffract
and convert transverse laser modes. This new optical element
dramatically increases the potential applications of optical phase
masks in broadband sources.
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6. CONCLUSIONS

In this paper we have summarized the potential for encoding
phase masks into the bulk of PTR glass. Both binary and gray-
scale phase profiles can be encoded, and the phase profiles
discussed here can all be used for beam shaping and mode con-
version with near-theoretical efficiency. Furthermore, arbitrary
phase profiles can also be encoded into TBGs to form HPMs
that, through the use of angular tuning, significantly extend the
wavelength range that the phase mask can be used over. By
matching the HPM to surface gratings of the appropriate
grating period, it is possible to make a truly achromatic phase
mask, with no angular tuning required and no complex phase
profiles necessary. These capabilities, coupled with the advan-
tages of recording in the bulk photosensitive glass rather than
surface processing, offer the potential to significantly extend the
uses of phase masks, such as use in high power applications,
while minimizing overall cost, as it is no longer necessary to
create separate phase masks for all desired wavelengths.
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