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(57) ABSTRACT 

Double Bragg grating scanner receivers (DBS) and methods 
thereof based on spinning high-efficiency transmitting or 
reflecting holograms in photo-thermo-refractive (PTRG) 
glass provides unlimited field of view while incident angle for 
all components do not exceed approximately 45 degrees. The 
devices and methods are highly tolerable to high power laser 
radiation and has no restriction for the use in any laser sys
tems working in visible and near IR spectral regions. Rate of 
scanning by DBS is higher compared to known mechanical 
scanners because the use of thin glass plates with recorded 
holograms and spinning instead of rocking. The components 
described herein are holographic optical devices (reflecting 
and transmitting volume gratings) for visible and near IR 
spectral regions with absolute diffraction efficiency exceed
ing approximately 95% and high thermal, optical and 
mechanical stability. 
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DOUBLE-BRAGG-GRATING SCANNING 
TRANSMITTER/RECEIVER 

This invention is a Continuation in Part of U.S. patent 
application Ser. No. 10/665,339 filed Sep. 19, 2003, which is 
a Continuation-In-Part of U.S. application Ser. No. 091750, 
708, filed Dec. 28, 2000, now U.S. Pat. No. 6,673,497, which 
is a Continuation-in-Part ofU.S. application Ser. No. 09/648, 
293 filed Aug. 24, 2000, now U.S. Pat. No. 6,586,141, which 
claims the benefit of priority to U.S. Provisional Patent Appli
cation 60/174,432 filed Jan. 4, 2000, and was funded in part 
by the Air Forces Research Laboratory contract No. 
F496200110469. 

FIELD OF THE INVENTION 

This invention relates to scanning of collimated optical 
beams at arbitrary angles by the use of multiple spinning 
Bragg gratings (both diffractive and refractive) produced by 
holographic or other photoinduced methods, and in particular 
to the Bragg gratings produced by sensitization of doped 
photosensitive silicate glasses to near UV and visible radia
tion using a two-step illumination in the photo-thermo-refrac
tive (PTR) process. 

BACKGROUND AND PRIOR ART 

Increasing applications for holographic optical elements 
have resulted in the continued development of new effective 
and reliable photosensitive media. P. Hariharan in his book 
"Optical Holography, Principles, Techniques, and Applica
tions." Chapter 7 (Cambridge University Press, 1996) on 
pages 95 and 96 reports that the main photosensitive materials 
available for high efficiency hologram recordings are silver 
halide photographic emulsions, dichromated gelatin, photo
resists, photopolymers, photothermoplastics, polymers with 
spectral hole-burning, and photorefractive crystals. Each of 
these materials has their merits, but all have drawbacks. These 
organic materials (photographic emulsions, dichromated 
gelatin, and photopolymers) are sensitive to humidity. More
over, they significantly shrink in the development process. 
Inorganic materials (photorefractive crystals) have low resis
tance to elevated temperatures and produce additional pat
terns because of exposure to the beam diffracted from the 
recorded grating. 

The ideal recording material for holography should have a 
spectral sensitivity well matched to available laser wave
lengths, a linear transfer characteristic, high resolution, and 
low noise, is indefinitely recyclable or relatively inexpensive. 
Hariharan reports on page 95 of his earlier referenced book 
that "While several materials have been studied, none has 
been found so far that meets all these requirements". The lack 
of available materials for phase holographs has stimulated the 
search for new approaches. 

A photo-thermal process based on precipitation of dielec
tric microcrystals in the bulk of glass exposed to UV radiation 
was reported by S. D. Stookey (see Photosensitive glass, (a 
new photographic medium). Industrial and Engineering 
Chem., 41, 856-861 (1949)). Stookey's two-step process (ex
posure and thermal development) was used to record a trans
lucent image in glass because of light scattering caused by a 
difference between refractive indices of a precipitated crys
talline phase and the glass matrix. Later, colored images were 
recorded in similar glasses by photo-thermal precipitation of 
a number of complex crystals of different compositions, 
sizes, and shapes. According to these studies, the first step is 
the exposure of the glass sample to UV radiation, which 

2 
produces ionization of a cerium ion. The electrons released 
from cerium are then trapped by a silver ion. As a result, silver 
is converted from a positive ion to a neutral atom. This stage 
corresponds to a latent image formation and no significant 
coloration occurs. 

The next step is thermal development. This development 
process includes two stages described in publications by S. D. 
Stookey, G. H. Beall, J.E. Pierson (see Full-color photosen
sitive glass. J. Appl. Phys., 49 (1978) 5114-5123) and N. F. 

10 Borrelli, J.B. Chodak, D. A. Nolan, T. P. Seward. (see Inter
pretation of induced color in polychromatic glasses. J. Opt. 
Soc. Amer., 69 (1979) 1514-1519). The first stage involves 
the high diffusion rate silver atoms possess in silicate glasses. 
This diffusion leads to creation of tiny silver crystals at rela-

15 tively low temperatures ( 450-500° C.). A number of silver 
clusters arise in exposed regions of glass after aging at 
elevated temperatures. These silver particles serve as the 
nucleation centers for sodium and fluorine ion precipitation 
and cubic sodium fluoride crystal growth occurs at tempera-

20 tures between 500° C. and 550° C. Further heat treatment 
leads to growth of numerous elongated pyramidal complexes 
of (Na, Ag, F, Br) crystals on the surface of cubic NaF crys
tals. 

This mixture of crystals can produce opal coloration in the 
25 case of large crystal sizes or yellow coloration caused by 

colloidal silver precipitated on interfaces of dielectric crys
tals. A second exposure to UV followed by a second heat 
treatment produces different coloration because of metallic 
silver reduction on the surfaces of the dielectric pyramids. 

30 The final resulting coloration depends on the size and aspect 
ratio of these silver particles. This multi-stage photo-thermal 
process in photosensitive glass was proposed for decoration, 
color photography, sculpture, and even for holography; how
ever, no evidences of any hologram recorded in these glasses 

35 are in those references. Several years later, the use of inor
ganic photosensitive glasses for phase hologram recording 
rather than as a photographic medium was reported in the 
literature: Bragg gratings were obtained both in lithium-alu
minum-silicate and sodium-zinc-aluminum-silicate glasses 

40 doped with silver and cerium by exposure to UV radiation 
followed by thermal treatment. This phenomenon was 
described in following publications (V. A. Borgman, L. B. 
Glebov, N. V. Nikonorov, G. T. Petrovskii, V. V. Savvin,A. D. 
Tsvetkov. Photothermal refractive effect in silicate glasses. 

45 Soy. Phys. Dok!., 34 (1989) 1011-1013. L.B. Glebov, N. V. 
Nikonorov, E. I. Panysheva, G. T. Petrovskii, V. V. Savvin, I. 
V. Tunimanova, V. A. Tsekhomskii. Polychromatic 
glasses-a new material for recording volume phase holo
grams. Soy. Phys. Dok!., 35 (1990) 878-880) and named the 

50 "photo-thermo-refractive" (PTR) process. Glasses, which 
possess such properties, were called "photo-thermo-refrac
tive" (PTR) glasses. 

It was further reported that a refractive index decrease of 
about 5x10-4 occurs when dielectric crystals precipitated in 

55 PTR glasses are exposed to ultra violet (UV) radiation of a 
nitrogen laser at 337 nm. The refractive index ofNaF in the 
red spectral region is nNaF=l .32 whereas the refractive index 
of PTR glass nPTR=l.49. The small value ofrefractive index 
change is due to the small volume fraction of precipitated 

60 crystalline phase; however, it is sufficient to result in high 
efficiency Bragg grating recording in samples with thick
nesses more than several hundreds of microns. Conditions of 
glass exposure and development were found in that work to 
create Bragg gratings with relative diffraction efficiencies up 

65 to 90% and angular selectivity up to 2 mrad. The maximum 
recorded spatial frequency was 2500 mm- 1

. These gratings 
were also stable up to 400° C. UV photosensitivity was found 
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in the range of several J/cm2 at a nitrogen laser wavelength 
(337 nm). The absorption band of Ce3+, which is used for 
photo-ionization, has maximum near 300 nm and a long 
wavelength tale up to 400 nm. This means that several com
mercial lasers such as N2 , Ar, He-Cd, etc., can be used for 
recording. Once developed, holograms in PTR glass were not 
destroyed by further exposure to visible light. 

Unfortunately, these reported materials did not meet all 
requirements formulated in Hariharan, particularly absolute 
diffraction efficiency [P. Hariharan. Optical Holography, 
Principles, Techniques, and Applications." Chapter 7 pp. 
95-124 (Cambridge University Press, 1996), Table7.1 at page 
96] because their property of excessive (strong) scattering of 
the radiation imposed on the hologram. This scattering results 
in low absolute diffraction efficiency of gratings in PTR 
glasses, which has been found not to exceed 45%. Thus, this 
PTR material for holographic optical elements had serious 
drawbacks; particularly, inadequate absolute diffraction effi
ciency which results in excessive scattering of the radiation as 
well as photosensitivity solely for UV radiation. 

A new approach for the production of phase holograms 
having many of these desired properties is described in the 
patent utility application U.S. Pat. No. 6,586,141Jul.1, 2003, 
by the same assignee as that of the subject invention. This 
Patent teaches how a photo-thermal process based on precipi
tation of dielectric microcrystals in the bulk of glass exposed 
to UV radiation can be used to record a high-efficiency vol
ume phase hologram in glass having a photosensitivity to UV 
radiation resulting from the difference between refractive 
indices of the UV exposed and unexposed areas of the PTR 
glass blank. 

However, photo sensitivity of PTR glass is restricted in the 
vicinity of the absorption band in the near UV spectral region. 
This restriction means that plane holographic elements could 
be fabricated with this method for visible and IR spectral 
regions while complex holograms could be recorded for the 
UV region only. It would be highly desirable to produce a 
recording material for holography with photosensitivity to 
visible radiation. 

Another application of photosensitive materials which can 
increase their refractive index is the fabrication of refractive 
optical elements, such as lenses or waveguides as are 
described in the book by K. Hirao at al. (Active Glass for 
PhotonicsApplications. Springer-Verlag, Berlin2001 ). How
ever, the PTR glass was not used for such a technology 
because it showed a decrease of refractive index after UV 
exposure and thermal development. It would be highly desir
able to produce a recording material for refractive optical 
elements and waveguides fabrication with high sensitivity, 
positive refractive index increment, and high tolerance to 
elevated temperatures, high-power optical radiation, and 
harsh environmental conditions. Thus, U.S. patent applica
tion Ser. No. 10/666,339 filed Sep. 19, 2003, by the same 
assignee as the subject invention teaches to make high effi
cient complex holographic elements that can control laser 
beams of different shape and angular divergence. 

4 
This device can be effectively utilized in combination of 

PTR volume Bragg gratings with liquid crystal, electro-optic 
or acousto-optic laser beam control (see e.g. D. P. Resler, D. 
S. Hobbs, R. C. Sharp, L. J. Friedman, T. A. Dorschner. Opt. 
Let., 21 (1996) 689-672, and Z. Yaqoob, M. A.Arain, and N. 
A. Riza, High-speed two-dimensional laser scanner based on 
Bragg gratings stored in photothermorefractive glass. Appl. 
Opt. 42(26) (2003) 5251-5263). The main drawback of such 
Bragg scanners is their impossibility for fine tuning of the 

10 angle of deflection. To compensate this drawback, the second 
fine tuning by liquid crystal array was proposed in Ref. 
Resler, etc. Finally, this combination of consequent deflection 
by liquid crystal, stack of Bragg gratings, and once more by 
liquid crystal is probably most advanced reported scanner 

15 having wide angle of regard while no moving parts. However, 
this device is very expensive. 

Classical scanning system for collimated laser beams con
sists of two consequent rotating mirrors which deflect beam in 
two orthogonal directions. One can see such devices in any 

20 laser show. The main disadvantage of such device is necessity 
of system rotating around the axis placed on the surface of the 
mirror. Such scheme results in large volume occupied by the 
device and high force required for reasonable fast scanning. 
Those features lead to tiny devices which are not tolerable to 

25 any vibrations (e.g. galvanometers for laser show) or bulky 
and weighty gimbals (laser scanners for military and technol
ogy applications). Such mechanical devices are significantly 
cheaper compare to the previous one but rate of scanning is 
lower by orders of magnitude. However, those devices are 

30 most reliable and they are in use up to nowadays. One of the 
examples of the use of such approach is 360° panoramic 
surveillance system with the use of a mirror rotating in azi
muth plane and rocking in the elevation plane (Gerald Ker
byson. High-resolution full-panoramic imaging surveillance 

35 system. Sensors, and Command, Control, Communications, 
and Intelligence. Technologies for Homeland Defense and 
Law Enforcement, Edward M. Carapezza, Editor, Proceed
ings ofSPIE 4708 (2002) 173-183.) 

The use of holographic gratings for laser beam scanning 
40 was proposed at least 30 year ago (I. Cindrich, Appl. Opt. 6, 

1531 (1967), D. H. McMahon, A. R. Franklin, and J. B. 
Thaxter, Appl. Opt. 8, 399 (1969), C. S. Ih. Holographic laser 
beam scanners utilizing an auxiliary reflector. Appl. Opt. 16 
(1977) 2137-2146). These publications teach to place a great 

45 number of thin holographic gratings to the same disk and 
produce scanning to the fixed angles by spinning of the disc. 
Each hologram would deflect beam to different direction. 
This approach allows decreasing of the size and weight at 
least two times compare to rotating mirrors. However, the 

50 only fixed number of fixed angles (usually no more that a few 
of thousands) could be realized in such devices while actual 
number of pixels about 106 is required for high quality scan
ners as laser radars, etc., 

It is obvious that spinning of any diffractive grating results 
55 in conic scanning of a diffracted beam. This approach is used 

for laser radar design in Ref. (Schwemmer, G., Conically 
Scanned Holographic Lidar Telescope, U.S. Pat. No. 5,255, 
065, 1993), which is incorporated by reference. This device 
provides precise azimuthal scanning of laser beam for 360°. 

Additionally, U.S. Pat. No. 6,673,497 B2. Jan. 6, 2004, by 
the same assignee of the subject invention, which is incorpo
rated by reference teaches to make a number of holographic 
optical elements based on high efficiency volume Bragg grat
ings in PTR glass including laser beam deflectors or scanners 
(examples 9 and 10). Those gratings produce deflection of 
laser beam to fixed angles. Scanning could be produced by 
mechanical replacement of multiple gratings recorded at one 65 

substrate or controlled by small angle or wavelength scanning 

60 However, it does not allow scanning along the elevation 
angle. Therefore, total solid angle of regard is small compare 
to 4it. 

Two consequent counterrotating holographic elements 
were proposed in Ref. (A. Brameley U.S. Pat. No. 3,721,486, 
which is incorporated by reference and, J.C. Wyant. Rotating 
Diffraction Grating Laser Beam Scanner. Appl. Opt. 14 

of an incident beam. (197 5) 1057-1058). Those elements provided linear scanning 
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of leaser beam with variable speed. However, no discussion 
on scanning of the large solid angles was found in those 
references. 

New approach in mechanical scanners is based on rotating 
of consequent prisms or lenses that can deflect laser beams. 5 

Those devices are more tolerable to vibrations compare to 
galvanometers but they usually have small fields of view 
because increasing of deflection angle leads to very fast 
increasing of size and weight of the device (Ref .... ). No 
evidences of similar approach with holographic optical ele- 10 

ments were found. Probably it is resulted from low absolute 
diffraction efficiency of existing holographic optical ele
ments. 

6 
previously exposed to a UV light source; and, means provided 
for spinning of at least two of said Bragg gratings. 

Further objectives and advantages of this invention will be 
apparent from the following detailed description of the pres
ently preferred embodiments which are disclosed in the fol
lowing text and properties of which are illustrated in the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 shows rays tracing in a tilted Bragg grating. 
FIG. 2 shows the deflection angle produced by a Bragg 

grating with normal incident angle versus grating period. 
FIG. 3 illustrates the deflection of a beam by Bragg dif-Thus, the need exists for systems to utilize these novel PTR 

holographic optical elements with high absolute diffraction 
efficiency for large solid angle laser beam scanner. 

SUMMARY OF THE INVENTION 

15 fractive grating with zero incident angle. I,, I,, and Id which 
are incident, transmitted, and diffracted beams, respectively. 
a is the angle between projection of a grating vector to the 
plane of rotation and a vertical direction in the plane of 
drawing, ll is a deflection angle laying in the plane produced 

A first objective of the present invention is to provide 
efficient scanning of a laser beam at arbitrary angles by plural 
spinning Bragg gratings. 

A second objective of the present invention is to provide 
efficient scanning of a collimated optical beam at arbitrary 
angles by spinning Bragg gratings. 

A third objective ofthis invention is to provide an efficient 
scanning receiver of optical radiation with low divergence 
and an unlimited field of view by multiple spinning Bragg 
gratings. 

A fourth objective of this invention is to provide a highly 
efficient scanning receiver of optical radiation with low diver
gence and an unlimited field of view by multiple highly 
efficient spinning Bragg gratings. 

20 by an incident beam and grating vector. 

25 

FIG. 4 illustrates the trajectory of the beam deflected by a 
rotating Bragg grating which has a deflection angle approxi
mately 40°, rotation rate approximately 1 rps, over a time 
period of approximately 0.9 s. 

FIG. 5 illustrates the deflection of a beam by two conse-
quent Bragg diffractive gratings with zero incident angles 
wherein a is the angle between projection of a grating vector 
to the plane of rotation and a vertical direction in the plane of 
drawing and ll is a deflection angle laying in the plane pro-

30 duced by an incident beam and grating vector. 

Preferred embodiments of the invention include: (A) a 
method of scanning of collimated optical beams at arbitrary 35 

angles comprising the steps of: single or multiple exposing 
PTR glass with a UV light source or other source of ionizing 
radiation; thermal treating the exposed PTR glass; preparing 

FIG. 6 illustrates the deflection of a beam by two conse
quent Bragg diffractive gratings with zero incident angles and 
deflection angles of approximately 45 where the full field of 
view is approximately 180°. 

FIGS. 7a, 7b and 7c illustrates the trajectories of a laser 
beam produced by the double grating scanner after a single 
revolution of the first grating wherein the deflection angle of 
each grating ll=approximately 45°, for different rotation rates 
R, and cjJ is initial phase of a local azimuth angle. a plurality ofholograms from the thermal treated PTR glass as 

Bragg gratings; and, spinning at least two of said Bragg 40 

gratings and (B) a scanning receiver of collimated optical 
beams at arbitrary angles. 

FIG. 8 illustrates the dependence of the Bragg grating 
deflection angle on the period for different angles of grating 
inclination in respect of a glass plate and a wavelength of 
approximately 1 µm. The UV light source can include a range of approximately 

280 to approximately 350 nm., and include approximately 
325 nm. 

The ionized and UV light source exposed glass can be 
followed by exposure to high-power Visible radiation having 
a range of approximately 450 to approximately 600 nm, and 
include approximately 532 nm. 

The exposure to Visible radiation can be done by a high 
power source generating at approximately 10 megawatts/cm2 

to approximately 100 gigawatts/cm2
, and preferably include a 

source of at least approximately 100 megawatts/cm2
. The 

high power source can also generate at approximately 10 
gigawatts/ cm 2 . 

The plurality of simple holograms can have substantially 
planar surfaces of equal refractive index. 

The plurality of complex holograms can have substantially 
curved surfaces of equal refractive index. 

FIG. 9 illustrates the deflection of a beam by two conse-
45 quent symmetric Bragg diffractive gratings with deflection 

angles of approximately 90° wherein the full field of view is 
approximately 360° 

FIG. 10 illustrates the trajectory of a laser beam produced 
by a double grating scanner after a single revolution of the 

50 first grating wherein the deflection angle of each grating 

55 

ll=approximately 90° and R 1s rotation rate, 
R2=approximately 25R1 . 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Before explaining the disclosed embodiments of the 
present invention in detail, it is to be understood that the 
invention is not limited in its application to the details of any 
particular arrangements shown since the invention is capable 
of further embodiments. Also, the terminology used herein is 
for the purpose of description and not of limitation. 

Thermal treating the PTR glass can include a temperature 60 

region ranging from approximately 480 to approximately 
580° C. for a period of from a few minutes to several hours 
appropriate for phase transformation. To overcome the drawbacks of the prior art in developing 

useful glass holograms, it was necessary to establish if the 
65 high losses (excessive scattering) are an intrinsic feature of 

photo sensitive refractive (PTR) glasses or, with proper 
choices of glass technology, conditions of exposure and/or 

The Bragg gratings can have substantially planar surfaces 
of equal refractive index. 

The preferred embodiments can include a multiplicity of 
Bragg gratings generated from thermal treated PTR glass 
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n0-average refractive index of exposed photosensitive mate
rial at the wavelength ofreconstruction, 

y,-incident angle, 

Ym-angle of refraction in the medium, 

y m,-incident angle of transmitted beam at the rear surface of 
the medium, 

thermal development, this phenomenon can be eliminated. To 
do this, studies were made of: PTR glass melting and samples 
preparation; absorption spectra of original, exposed and 
developed PTR glasses in the UV, visible, and IR regions; 
Bragg grating optical properties versus conditions of PTR 
glass fabrication, UV exposure and thermal treatment; and, 
the types of losses, which appeared in the process of holo
gram recording. 

y md-incident angle of diffracted beam at the rear surface of 
10 the medium, These numerous studies have resulted in unique processes 

described in: U.S. Pat. No. 6,673,497 issued Dec. 28, 2003; 
U.S. Pat. No. 6,586,141 issued Aug. 24, 2003; and, U.S. 
patent application Ser. No. 10/666,339 filed Sep. 19, 2003, of 
common assignee with this application and which are fully 
incorporated herein by reference. These inventions thereto 15 

produce a new inorganic PTR glass as a medium for ultra 
violet (UV) hologram recording and as a medium for visual 
hologram recording with the properties and performance 
which meets the requirements indicated above. 

Ye,-exit angle of transmitted beam, 

yea-exit angle of diffracted beam, 

<Pm -Bragg angle in the medium. 
Let us calculate deflection angle for tilted transmitting 

grating. For a parallel-sided plate, y,=y et exit angle for a trans
mitted beam is equal to the incident one. Deflection angle is a 
difference between transmitted and diffracted exit beams as 

Absorption spectra of PTR glasses show the UV part of 
absorption spectrum based on the wide absorption band of 
Ce3

+ with maximum at approximately 305 nm. The range of 
photosensitivity of this glass is from approximately 280 to 
approximately 350 nm with absorption of the PTR glass less 
than approximately 0.01 cm- 1 in the visible and near IR 
regions which indicates that PTR glass is more transparent 
than usual optical crown glass and can be used in the near UV, 
visible and IR region up to approximately 4000 nm. 

20 
represented in the following: 

The durability of holograms in PTR glasses is remarkable 
for it was found that secondary heat treatment up to approxi
mately 400° C. does not reduce diffraction efficiency. The 
developed holograms were exposed to radiation of 100 WYb 
laser at approximately 1096 nm and 30 mW He-Cd laser at 
approximately 325 nm for approximately 5 to approximately 

25 

30 

8 hours without any hologram destruction. Laser damage 35 

threshold for approximately 10 ns approximately 1064 nm 
laser radiation was about 40 J/cm2

. 

o~oerY"' (2) 

Yet=yi=arcsin(n0 sin Ym) (3) 

y ed=arcsin(no sin y md) (4) 

Ym9m,-/2-<f>-8m (5) 

Ymrn12"<P+8m (6) 

Substitute (5) and (6) to (3) and ( 4) and then to (2): 

o~arcsin[no cos(<P-8m)J-arcsin [no cos(<P+8m)l (7) 

Let us consider rotating of a grating around direction of an 
incident beam. For any grating position, the beam would be 
deflected at angle ll in the plane produced by the incident 
beam and the grating vector. In this case, diffracted beam 
would rotate around the same axis describing a cone with a 
vertex angle equal to the doubled deflection angle in equation 
(7). To simplify estimations, let us have Bragg grating with an 

As is apparent from the goals of this invention is to provide 
both a transmitter and receiver capable of scanning of both a 
laser beam and a collimated optical beam at arbitrary angles 
at arbitrary angles, this invention discloses how such devices 
can be prepared from both transmitting and reflecting Bragg 
gratings. 

40 incident angle equal to zero (normal incidence) as shown in 
the following: 

(8) 

A description of diffractive beam scanner was realized by 
the subject inventors in March 2003. This device consist of 
two consequent spinning Bragg grating and can deflect col
limated beam to arbitrary direction with a maximum deflec
tion angle exceeding ±90° and collect collimated radiation 
from the same arbitrary angle. 

45 
Substitute (8) to ( 5): 

Let us consider Bragg grating recorded in a parallel-sided 
plate of a photosensitive material, e.g. PTRG as it is shown in 
FIG. 1. Thick solid lines are planes of constant refractive 
index of Bragg grating, which are perpendicular to the plane 

50 

of drawing. K-grating vector perpendicular to the plane of 55 
---;. 

constant refractive index. Scalar of vector K is referenced by 
equation 1 as follows: 

(1) 60 

where dis a grating period and f=d- 1 is a spatial frequency, 

<I>-angle between grating vector and the normal to the front 
surface, 

65 

Substitute (9) to (7): 

Bragg angle in a medium is: 

A 
()m = arcsin 2nod 

Substitute (11) to (10): 

b = arcsin[ n0 sin( 2arcsin 2~ d ) ] 

(9) 

(10) 

(11) 

(12) 

FIG. 2 shows dependence of a deflection angle on grating 
period for different wavelengths. Maximum deflection angle 
of90° is determined by total internal reflection of a diffracted 
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beam on the back surface of the glass blank. Spinning of such 
grating around its axis causes the conic scanning of the 
deflected beam. Let us keep exit angle for a diffracted beam in 
the range of approximately 45° to avoid polarization sensi
tivity of Bragg grating and significant losses because of 
approaching to the angle of total internal reflection. In this 
case, a full vertex angle describing by diffracted beam should 

10 
total field of view for double Bragg-grating scanner (DBS) is 
4/:l or eight Bragg angles in the air. 

Let us calculate beam trajectory for different spinning 
rates: 

be up to 2x45°=90°. Those deflection angles correspond to 
moderate grating periods ranged from about 0. 7 µm for wave
length of approximately 500 nm to about 2 µm for wavelength 10 

of approximately 1500 nm. Trajectory in external coordinates is: 

(15) 

Let us describe direction of a beam deflected by Bragg 
grating in dependence on grating orientation (FIG. 3). Inci
dent beam is deflected by Bragg grating in the plane produced 

(16) 

Scanning trajectories are shown in FIGS. 7a where 
R2=1.5R1 , 7bwhereR2 =R1 and 7cwhere R2=50R1 for eleva
tion degrees vs. azimuth degrees. One can see once more that 
double grating scanner provide field of view of approximately 

by incident beam and grating vector. Let us determine beam 15 

trajectory in cylindrical coordinates connected with grating 
where axis z is perpendicular to the plane of glass blank; 
azimuth angle a lies in the plane ofhologram, it value counted 
from vertical axis in counter-clockwise direction if looking 
along the beam propagation z. 20 180° for gratings with deflection angles ll of approximately 

45°. Different ratios between rotation rates (R1 and R2 ) and 
different phase shifts between a 1 and a 2 results in different 
patterns of scanning, and where cjJ is initial phase of a local 

Thus, a equals to deviation of grating vector projection 
from the vertical axis. Deflection angle ll is the angle between 
transmitted and diffracted beams. It lies in the plane produced 
by incident beam z and grating vector K. Rotation of the 
grating around axis of an incident beam z results in conic 25 

scanning of a deflected beam with vertex angle equal to the 
doubled deflection angle in equation (12). Dependence of 
azimuth and elevation on time are given by: 

azimuth angle. It is clear that proper choice of parameters can 
provide desirable trajectories of total coverage of half-space. 

Weight and size of such device is significantly lower com
pare to any similar device with mechanical motion of parts. At 
the same time, rate of scanning and field of view are incom
parably higher for DBS. In comparison with electro-optical 

a~360Rt 

o~const (13) 

where R is rotation rate, t is time. 
Let us go to the external polar coordinates having the same 

direction of axis z and angular coordinates which are azimuth 
(A) and elevation (E) as it shown in FIG. 4. Rotation of the 
grating results in the beam trajectory in the plane perpendicu
lar to axis: 

E~l>cos a (14) 

This trajectory is shown in FIG. 4. One can see the simple 
conic trajectory. 

Let us consider deflection of a beam by two consequent 
gratings with the same deflection angle which are placed in 
such way that the incident angle of the second grating coin
cides with deflection angle of the first one and both gratings 
can be spin around their axes. This means that the second 
grating is rotated by the first one and has its own spinning too. 
Geometry of beam deflection is shown in FIG. 5 with the 
same coordinates as in FIG. 4. 

One can see in FIG. 5 that spinning of the second grating 
being placed on the circle with radius ll 1 provides directing of 
the double-deflected beam to an arbitrary point within radius 
of21l. This procedure can be achieved by two combinations of 
a 1 and a 2 for any point except the outer diameter where it 
could be done by a single combination only. 

While FIG. 5 shows beam deflection in a projection along 
the axis Z, FIG. 6 shows beam scanning in a perpendicular 
direction. Two gratings are depicted in FIG. 6 with deflection 
angles of approximately 45°. One can see that spinning of the 
second grating in upper position provide beam scanning from 

30 devices (e.g. liquid crystals combined with Bragg gratings), 
rate of scanning is lower but field of view is several times 
higher while price should be order of magnitude less. 

However, even higher field of view can be achieved with 
the use of gratings having not normal incidence angle. Let us 

35 substitute Bragg condition (11) to (7): 

40 

(17) 

FIG. 8 shows that maximum deflection angle can be 
achieved for grating with inclination angle of approximately 
90°. Its maximum value is approximately 180°. However, let 

45 us continue not to consider incidence angles more that 
approximately 45° to avoid additional losses and dependence 
of diffraction efficiency on polarization. In this case, a deflec
tion angle by the single grating would be of approximately 
90°. However, spinning of such grating should not be in the 

50 plane of glass blank but it should be tilted for approximately 
45° as it is shown in FIG. 9. One can see that this device has 
field of view equal to approximately 360° for both azimuth 
and elevation. So, this DBS can see the whole space. An 
example of the scanning pattern approximately 90° DGS is 

55 shown in FIG. 10. One can see that actually the whole space 
is covered by the scanning beam. 

It is clearthat not only transmitting Bragg gratings could be 
used for such deflector but reflecting once too. Reflective 
gratings would provide the same fields of regards as transmit-

60 ting ones. The difference is in angular and spectral selectivity 
of those types of gratings. This is why each particular design 
should be a tradeoffbetween parameters oflaser radiation and 
parameters of the used Bragg grating. 

0° to -90°. Half-turn of the first gratings transfers the second 65 

one to the lowest position, and its spinning provide beam 
scanning from 0° to approximately +90°. So, one can see that 

This invention creates great new opportunities for sophis
ticated optical system designs in fields of military lasers, 
optical communications, data storage and processing, and the 
like. 
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As an example, a scanning device for He-Ne laser at 
approximately 633 nm was created on the basis of two Bragg 
gratings recorded in PTR glass with thickness of approxi
mately 1.5 mm. Refractive index modulation was approxi
mately 300 ppm. 

Theoretical diffraction efficiency was approximately 
100%, actual diffraction efficiency for collimated beam of 
He-Ne laser was approximately 93%. Spatial frequency of 
the grating was about 250 mm-1, deflection angle in air 
approximately 10°. Continuous scanning of laser beam was 10 

demonstrated by manually controlled rotary stage. Total 
transmission of the system consisting of 2 consequent grat
ings was approximately 87% if Fresnel reflection was taken 
into account. Total deflection of approximately 180° was 
resulted from two consequent gratings with opposite orienta- 15 

tions was demonstrated on high frequency gratings. 

12 
generating a plurality of simple holograms having substan

tially planar surfaces of equal refractive index. 
8. The method of claim 1 wherein the step of generating a 

hologram includes the step of: 
generating a plurality of complex holograms having sub

stantially curved surfaces of equal refractive index. 
9. The method of claim 1 wherein the step of thermal 

treating includes the step of: 
thermal treating the PTR glass in a temperature region 

ranging from approximately 480 to approximately 580° 
C. for a period of from a few minutes to several hours 
appropriate for phase transformation. 

10. The method of claim 1, further comprising 
moving a third PTR hologram in an arc so that its optical 

axis is coaxial with that of a beam diffracted from the 
second PTR hologram and spinning the third PTR holo
gram about the optical axis of the laser beam diffracted 
by the second PTR hologram. 

While the invention has been described, disclosed, illus
trated and shown in various terms of certain embodiments or 
modifications which it has presumed in practice, the scope of 
the invention is not intended to be, nor should it be deemed to 
be, limited thereby and such other modifications or embodi
ments as may be suggested by the teachings herein are par
ticularly reserved especially as they fall within the breadth 
and scope of the claims here appended. 

11. A scanner for scanning collimated optical beams at 
20 arbitrary angles comprising: 

We claim: 
1. A method making and scanning using holograms formed 

in photo-thermo-refractive (PTR) glasses comprising the 
steps of: 

optionally exposing PTR glass with a periodic pattern of a 
source of ionizing radiation; 

25 

30 

A first rotary stage mounted with a rotatable first PTR 
hologram and means for hold and moving in a corre
sponding arc a second rotary stage mounted with a sec
ond PTR hologram, which is able to be rotated, such that 
its optical axis is coaxial with that of a beam diffracted 
from the first PTR hologram; 

wherein the holograms are generated in a thermal treated 
PTR glass that was previously exposed to a UV light 
source. 

12. The scanner for scanning collimated optical beams at 
arbitrary angles according to claim 11, where said beams 
include: laser beams. 

exposing the exposed PTR glass with high-power Visible 
radiation generated by a high power source generating at 
approximately 10 megawatts/cm2 to approximately 100 
gigawatts/cm2

; 

thermal treating the radiation exposed PTR glass; 
generating a plurality of holograms in the thermal treated 

PTR glass as Bragg gratings; and 

13. The scanner for scanning collimated optical beams at 
arbitrary angles according to claim 11, wherein said thermal 

35 treated PTR glass was exposed to a high-power Visible light 

replaying holograms formed in the exposed and thermal 
treated PTR glass with a laser beam, wherein the replay
ing step comprises the step of: 40 

spinning a first PTR hologram about it's optical axis while 
moving a second PTR hologram in an arc so that it is 
located coincident with a laser beam diffracted by the 
first PTR hologram and spinning the second PTR holo
gram about the optical axis of the laser beam diffracted 45 

by the first PTR hologram. 
2. The method of claim 1, wherein the source of ionizing 

radiation is a UV light source. 
3. The method of claim 2, wherein the step of exposing with 

the UV light source includes a range of approximately 280 to 50 

approximately 350 nm. 
4. The method of claim 2, wherein the step of exposing with 

the UV light source is approximately 325 nm. 
5. The method of claim 1 wherein the step of exposing with 

Visible radiation includes a range of approximately 450 to 55 

approximately 600 nm. 
6. The method of claim 1 wherein the step of exposing with 

Visible radiation includes: approximately 532 nm. 
7. The method of claim 1 wherein the step of generating a 

hologram includes the step of: 

source. 
14. The scanner for scanning collimated optical beams at 

arbitrary angles according to claim 11 wherein said Bragg 
gratings are planar. 

15. The scanner for scanning of claim 11 wherein the UV 
exposure includes a range of approximately 280 nm to 
approximately 350 nm. 

16. The scanner for scanning of claim 11, wherein the UV 
exposure is approximately 325 nm. 

17. The scanner for scanning of claim 11 wherein the PTR 
glass if further exposed to Visible light exposure that includes 
a range of approximately 450 nm to approximately 600 nm. 

18. The scanner for scanning claim 17 wherein the Visible 
light exposure is approximately 532 nm. 

19. The scanner for scanning of claim 11 wherein the Bragg 
gratings have substantially planar surfaces of equal refractive 
index. 

20. The scanner for scanning of claim 11 which addition
ally comprises: 

means attached to the second rotary stage for holding and 
moving in a corresponding arc a third rotary stage 
mounted with a third PTR hologram, which is able to be 
rotated, such that its optical axis is coaxial with that of a 
beam diffracted from the second PTR hologram. 

* * * * * 
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