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Nonlinear Physical Optics With Transversely
Patterned Quasi-Phase-Matching Gratings

Jonathan R. Kurz, Andrew M. Schober, David S. Hum, A. J. Saltzman, and Martin M, Mgerber, IEEE

Abstract—Transverse patterning of periodic gratings for quasi- position of the entire grating stripe by a fraction of a QPM
phase-matching (QPM) at the micron scale leads to a multitude of grating period 4,). In Fig. 1, a shift of distanced] in the third
nonlinear optical devices based on familiar physical optics effects. grating adjusts its relative phasg € 2rd/A,) and modulates
We demonstrate spatial control over the amplitude and phase of a th iti f intensit ks in the far field. Usi
second-harmonic beam in multiple slit diffraction devices and in € posI lon_o In en§| y pe_a S "_1 : e far . ield. Using a_n array
QPM lenses, which are nonreciprocal devices. of phase-shifted grating stripes, it is possible to approximate an

Index Terms—Diffraction, nonlinear optical devices, nonreci- arbitrary phase profile across a beam in discrete steps that are

procity, periodically poled lithium niobate, physical optics, quasi- ”mited by the minimum grating Wid.th "’?nd spacing. This t_ech-
phase-matching. nigue enables the design and fabrication of more complicated

structures such as QPM lenses.
| INTRODUCTION . QPM PHYsICAL OPTICSDEVICES
RANSVERSE patterning of periodic gratlngs_for quasiR  Eabrication
phase-matching (QPM) has been used to increase the _ _ ) ) _
tuning range of devices (through fanned gratings) [1], to shape'Ve fabricated a variety of single, double, and multiple grating
the amplitude profile of an interacting beam [2], and to creafdfipe patterns in periodically poled lithium niobate (PPLN) by
two-dimensional periodic QPM structures (nonlinear photonfi€ctric-field-poling of whole wafers (z cut, 0.5 mm thick) [5].
crystals) [3], [4] for efficient noncollinear mixing. Devices with!n the poling process, a liquid electrolyte was used to contact
micron-scale transverse control of the position and width—#¢ wafer through a photoresist electrode pattern. Fig. 2 shows
measured perpendicular to therector—of individual grating 9rating stripes and arrays (revealed by etching in hydrofluoric
segments can also be viewed as a programmable amplitude @¢if) that range in width from 8 to 50m with an 18.6xm
phase mask for nonlinear mixing. Narrow stripes of preciseBﬁriOd- In this figure, the accurate slit widths and Fresnel zone
positioned grating can be treated as coherent optical liRkate pattern reveal good transverse control over domain size
sources suitable for demonstrating a multitude of one-dime#2d position, while the displaced slit pair and parabolic phase
sional (1-D) physical optics effects. In the far field, these lin@ray demonstrate fine control over grating phase shifts. Fresnel
sources can be treated as 1-D “slit” sources. We present sdPh@se plates, made from two complementary Fresnel amplitude
familiar effects from physical optics, including diffraction fromPlates with ar-phase shift, were also created. .
single and multiple slits, that demonstrate spatial control of Arrays of inverted domains as small ag: in size (with
amplitude and phase using transversely patterned QPM. 8 #Mm edge-to-edge spacing) were poled with few defects—less
The analogy between a transversely patterned QPM soutan 0.1% of the domains were missing or merged. Smaller fea-
and 1-D diffraction at a hard aperture is illustrated in Fig. fure sizes enhance nucleation because of high fringing fields
With the proper arrangement of inverted domains, the QP#i the electrode edges. Consequently, for a given QPM period,
gratings—which have no effect on the first-harmonic (FH) wa#he transverse patterningprovespoling fidelity, resulting in
in the undepleted pump approximation—form controllable slif§ore uniformly sized domains with straighter edges. At the
for the second harmonic (SH) output. This analogy holds whéamMe time, increasing the duty cycle of the transverse patterning
the length of the gratings is short compared to the Raylei§§€MS to suppress nucleation, limiting the pattern density. Do-
range of the SH output from the narrowest slits so that diffrafains grow in hexagonal structures due to the crystalline sym-
tion within the device can be ignored. In devices with multiplg'etry of congruent lithium niobate, and the resulting @0r-
slits, the relative phase of every slit can be independently d#rs on each inverted domain may slightly apodize the trans-
justed with high precision from 0 tor2radians by shifting the Verse patterning. Improvements to the periodic poling technique
that reduce the minimum transverse grating period will help re-
Manuscript received February 12, 2002; revised March 21, 2002. This woérjllIze the full potential of QPM physical optics structures.
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Fig. 1. The analogy between a transversely patterned QPM source and 1-D diffraction at a hard aperture.
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Fig. 3. CCD images and theoretical prediction of far-field diffraction patterns
from single slits and a three-slit device (slit widthcenter-to-center slit spacing

a). The grating pattern for each device is shown schematically on the right. Note
that in the shading scheme used for these CCD images, the highest and lowest
intensity points appear black unless printed in color.

Fig. 2. QPM nonlinear physical optics structures in etched PPLN. Top row

from left: Single slit devices (1pm and 25:m widths); double slits (1gm To investigate phase control between grating stripes, we
width and 50um spacing) with zero and relative phase shifts. Bottom: A tasted a series of two-slit devicds (: 10 pm, a = 50 Nm)
Fresnel zone plate structure and a parabolic phase array wi-84de domains. !

The arrow indicates propagation direction, while the scale bar indicatesb0 with relative grating phases between 0 and23 As shown in
in each image. the calculated intensity distributions and their corresponding
CCD images (Fig. 4), adjusting the phase of one slit shifts
with 100 mW of average power (1.3-nJ pulses). Devices welfte far-field (Fraunhofer) diffraction pattern; aphase shift
heated to 120°C to avoid any possibility of photorefractiveproduces a complementary distribution of intensity peaks. The
damage. With a loosely focused input beam (140-waist), 5-mm gratings used in these QPM diffraction demonstrations
the grating stripes served as 1-D hard apertures, producitgre long enough that significant diffraction occurs within the
SH output with familiar far-field diffraction patterns (Fig. 3).device for the smallest grating widths. However, the effect of
Silicon CCD camera images comparing the measured and #s finite device length on the far-field angular distribution—of
pected angular intensity distribution of the SH show excelleptimary interest here—was negligible.
agreement for single slit devices (slit widths= 100, 25, As a simple multiple-slit device demonstration, we peri-
and 10xm), and a three-slit device (slit width = 10 xm, odically poled linear phase arrays of grating stripes for beam
center-to-center slit spacing = 100 um, w-phase shift on steering experiments. These arrays had transverse domain
the central slit). The expected intensity distributions can Iperiods of either 16 or 2@m, extending over 1 mm. A fixed
calculated analytically [6]. Note, that in the shading schenwdfset (/) between each grating stripe in an array produced a
used for these CCD images, the highest and lowest intenstgpwise approximation to a linearly increasing phase front
points appear black unless printed in color. across the SH output beam. In the course of mask fabrication,
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Fig. 6. CCD images of the SH beam at various propagation distances for

| $=3n2
0 ‘ /\/\/\j l ) forward (left column) and backward (right column) transmission through an

3 2 1 0 1 2 3 f = 5 cm QPM lens device. Reversing the propagation direction changes the
Angle (deg) sign of the focal length, a nonreciprocal effect. The %08-scale bar applies
to all images.

Fig. 4. CCD images and calculated Fraunhofer diffraction from two slits with
various relative phases A relative displacementbetween two gratings results .
in a relative phase i = 27d/A,. to be treated as constant across the width of the FH beam,

we were able to demonstrate a continuously tunable linear
phase array by translating the device. As the phase slope was
tuned, the far-field intensity peaks shifted in a cyclical fashion;
the same intensity pattern appeared each tinmecreased by

an integer multiple ofA, because a-2-phase shift between
grating stripes has no effect.

-

C. QPM Lenses

A transversely patterned array of QPM grating stripes with
a parabolic phase profile forms a cylindrical lens for the SH
output. The SH output focuses in one dimension only, since the
transversely patterned gratings are uniform in depth. We fab-
ricated 5-mm-long QPM lenses with 2-, 5-, and 10-cm focal
lengths (f). For each lens the phases of the grating stripes were
set by¢(r) = kr?/2f, wherer is the stripe location rela-
tive to the lens center andis the propagation constant at the
, , . , ‘ SH wavelength. To keep the device compact, the displacements
-4 -3 2 -1 0 1 2 3 4 (d) needed to set these grating phases were taken magulo
Angle (deg) as seen in the lens in Fig. 2. The lenses, 1-mm-wide, had a
Fig. 5. Measurements and predicted beam steering behavior for linear ph@SstM transverse grating period (yielding 50 individual grating
arrays of grating stripes with a variety of phase slopes stripes). With the FH beam expanded to a @ff-waist, cylin-
drical focusing of the SH beam was clearly observed by trans-
this constant phase slope was parameterized as a geomddting a CCD camera along the propagation direction. Fig. 6
slopem between domain centers; for example, with a;20- shows beam profiles taken at various propagation distances ref-
transverse domain period, a slope= 0.5 corresponded to a erenced to the end face of a 5-cm focal length lens, confirming
domain offsetd = 10 um. The phase slope (approximated irthe expected waist minimum at 5 cm. As in the linear phase
discrete steps set by the transverse grating period) for this cagatings, multiple diffraction orders—which produce multiple
¢l20 pm = 0.054r/um, is representative of the rather largdoci—result from the periodicity of the transverse patterning.
slopes that can be obtained by fine transverse patterning oMeasurements of the beam waist versus propagation distance
QPM gratings. Devices with geometric phase slopes betweafter the QPM lens, taken with a scanning knife-edge beam pro-
0 and 1 showed the expected beam steering behavior, aldiligg system, showed nearly ideal focusing behavior. In Fig. 7,
with multiple diffraction peaks due to the 1@n transverse data for 2-, 5-, and 10-cm focal length lenses (diamond, square,
grating period (Fig. 5). While measuring the SH output, somand circle markers) very closely matches the expected beam
of the smaller peaks were obscured by the limited dynanpcopagation, including the calculated minimum waist sizes and
range of the CCD camera. In a separate device, we poledations. The dashed and solid lines are calculations based on
a 17-mm-wide array with a linearly increasing phase sloa ideal thin lens approximation, and a Green’s function ap-
(parabolic phase). Since the phase slope varied slowly enoygbach for the entire grating array [7], respectively. The Green’s
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800, I ' Parabolic phase grating arrays and nonphase-shifted grating
AN arrays had the same SHG efficiency. This confirms that adding
700 s ° phase structure to grating arrays does not degrade their ampli-
£ 600 ] ‘\:'\‘ ! 7o tude, so that arbitrary phase profiles can be programmed. At
Bsooll R A | the QPM lens output we measured 280/ of SH output with
g o 6‘\ ; P 100 mW of FH ¢0.21%/nJ efficiency)—a good result given
Sa400f\ o o - the 5-mm grating length, expanded beam, and 50% transverse
Ea00l & & " / | grating duty cycle.
BRI A &,
2007 LA O o | I1l. CONCLUSION
100y | Transverse patterning of QPM gratings provides a convenient
00 5 10 3 tool for beam shaping, particularly when large phase shifts are

required over small spatial scales. While a narrow grating stripe

_ ' ' forms a nearly ideal 1-D slit source, phased arrays of grating
Fig. 7. Measurements (open markers) and calculations of beam waist Verétﬁpes allow precise tailoring ofthe amplitude and phase profile
propagation distance for gh= 5 cm QPM lens showing good agreement for a . . .
thin lens approximation (dashed line), and a calculation using a Green’s functm\th_e SH _beam- We have demonstrated S'”gle and multiple-slit
approach (solid line). gratings, linear phase arrays, and lenses. This general transverse
patterning technique offers many possibilities for other devices,

function calculation integrates the contribution to the nonlineg}"Ch as beam s_p_lltters and cgmbmer_s. Active devices in \.Nh'Ch
ne beam modifies the spatial amplitude or phase profile of

polarization from each inverted domain, for one output poiﬁ)t

. . nother—in a time-gated fashion, if desired—can be designed
. Both QPM | Icul I I - . . X
at a time. Both Q ens calculations rely only on measurgsmg SFG or DFG. Chromatic dispersion (both spatial and tem-

ments of the beam profile in front of the sample and have no fits I b . d with multiol " iod .
ting parameters. Some of the ripples in the beam diameter mB .[a) can be engineered with muitiple grating periods oraperi-
ic gratings in the transverse or longitudinal directions. QPM

surement and calculation result from the slightly non—Gaussi? iaht substitute tional | . A
SH beam profile formed by clipping of the expanded FH beaffi o> MIght SULSHIULE Tor conventionalIenses In Some systems,

. e nd may be useful for achieving high numerical apertures since
at the edges of the grating array. This clipping could be remt eir phase profile can be enlarged and tailored with lithographic

died by making larger QPM lenses, or by varying the gratin > . .
Iengthyor dutygcyclg to%podize their amglitud)é pgrofile %cro ecision. Their nonreciprocal property could be used for sepa-
rate manipulation of forward and backward waves in intracavity

the FH beam. The diffracted orders also complicate near-fie ices. OPM phvsical optics structures mav both simolifv and
beam measurements because of interference with the cen %1 es.Q Pys ptics stru €s may simplify

order; the proper choice of transverse grating pattern could Stg)épand the use of nonlinear optical devices.
these orders farther away, or rearrange their angular distribu-
tion more favorably. For the Fresnel amplitude and phase plates, REFERENCES
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