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Laser-written waveguides in lithium niobate: fabrication and optical loss

characterization during fiber coupling
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Direct femtosecond writing of optical structures in the bulk material is an actively developing technique for

fabricating integrated photonic elements, particularly attractive for nonlinear media, where tuning the recording

beam parameters enables control over the frequency conversion of guided light. To create multifunctional photonic

devices, waveguides inscribed in a crystal must be coupled to optical fibers, with minimized optical losses being

essential for proper device integration. We investigated the regimes of laser modification of a lithium niobate single

crystal using femtosecond pulses at a wavelength of 1030 nm, enabling the formation of polarization-sensitive tracks

with a reduced refractive index. Waveguides with an unmodified LiNbO3 core and a cladding consisting of 32

tracks with lower refractive index were fabricated via laser beam scanning. The coupling of optical fibers with the

input and output facets of the crystal was implemented. The fabrication waveguides exhibited propagation losses as

low as 2 dB/cm.
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negative uniaxial crystals.
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Introduction

Lithium niobate LiNbO3 is widely known for its

electro-optical, acousto-optical, nonlinear optical charac-

teristics [1,2]. Lithium niobate is a ferroelectric and

LiNbO3 exhibited a Pockels effect, photoelasticity and

nonlinear optical polarizability and they were studied. It

is characterized by a wide transparency band, high values

of the Curie temperature (Tc = 1210 ◦C), piezoelectric and

electro-optical coefficients. An optical band gap of a lithium

niobate single crystal is Eg = 3.7 eV. Due to its unique

characteristics, this crystal has been given a large number

of studies both in terms of investigating its fundamental

properties as well as possible and implemented applications.

Writing of buried waveguide structures in media with

pronounced nonlinear optical properties is a promising field,

since it makes it possible to focus light emission energy in

a controlled material volume. It is interesting for forming

localized nonlinear devices for generating harmonics, self-

modulation effects, generating summary and difference

frequencies.

Uniqueness of the optical properties, primarily, high

values of quadratic nonlinearity coefficients χ(2) makes

lithium niobate attractive for writing the waveguide struc-

tures therein. There are various methods known for forming

the waveguides in the LiNbO3 bulk: proton exchange [3–5],
solid-state diffusion [6–8], ion implantation, femtosecond

laser writing [9–12], etc.

Application of proton exchange or ion diffusion makes

it possible to form two-dimensional waveguide structures.

These approaches are applicable both for creating waveg-

uides over the entire material surface as well as their

formation in selected micro-regions. These process methods

are complex, multi-staged and, therefore, quite expensive.

In case of planar structures, ultrahigh requirements are also

applied to a crystal surface quality, since it functions as

an upper reflecting boundary of the waveguide. Besides,

a composition, a structure and properties of a crystal

subsurface layer significantly affect the process and a profile

of a refractive index of the formed waveguides [13,14].
Writing of the optical waveguides in transparent dielectric

materials by femtosecond laser pulses is an extensively de-

veloping technology and means modifying material proper-

ties by a moving focused beam of ultrashort pulses [15–19].
The femtosecond modification stands out against other pro-

cedures by a single-stage nature of a process of fabrication

of photonic integrated circuit elements, which does not

require a labor-intensive mask manufacturing process unlike

traditional photolithography methods.

Depending on constitutive parameters of the medium

and laser irradiation characteristics, the femtosecond impact

can result both in an increase of the refractive index in

the modified region (1n > 0, the Type I modification)
and its reduction as well (1n < 0, Type II) [20,21]. A

light-guiding core can be written both by single [22] and

multiple scanning [20,23,24] of a selected region. In case
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of modification when 1n > 0, it includes writing of the

waveguide core, which is directly a light-guiding channel. In

case of Type II modification, the waveguide shall be formed

by writing of a cladding that consists of a set of channels

(when 1n < 0) [25]. This waveguide structure has leaky

modes propagating [26,27]. The channel waveguides with

positive variation of the refractive index in the core (1n > 0)
are attractive due to relative writing simplicity, while the

waveguides with a lower refractive index in the cladding

are advantageous since the core is not affected, thereby

making it possible to monitor waveguide characteristics of

the unmodified region and to save a value of the electro-

optical coefficients.

The parameters of light guiding by the written struc-

tures depend on many factors, which are both related to

parameters of proper laser radiation (energy and duration

of a pulse, a pulse repetition rate) as well as non-laser

ones (a sample motion speed, focusing optics, a material

and structure of the sample). Changing the lithium

niobate structure and producing the channel waveguide

by femtosecond modification (a wavelength λ = 775 nm,

duration τp = 150 fs, a repetition rate ν = 1 kHz, single-

pulse energy Ep = 10µJ, a scanning speed Vwr = 50µm/s)
at the depth of 500 µm under a polished surface of the

sample is described in the study [9]. This study has observed
the increase of the refractive index and written an Y-splitter.

A cross-section of the channel waveguide was ellipsoidal

and a maximum of contrast of the refractive index reached

6 · 10−4. During propagation of the 633 nm-wavelength

beam, losses were 1 dB/cm. However, despite successful

demonstration of waveguide functioning, polarization prop-

erties of guided light were not studied. Fabrication of the

two-dimensional and three-dimensional channel waveguide

splitters in a LiNbO3 Z-transect by direct femtosecond laser

writing with an increase of the unusual wave’s refractive

index ne with losses below 4 dB/cm is described in the

study [28].
For forming polarization-sensitive waveguide structures

in the LiNbO3 Z-transect, the study [29] used radiation

with the wavelength of 800 nm (τp = 520 fs, ν = 5 kHz)
that was focused at the depth of 250 µm by a lens with

a numerical aperture NA= 0.4. The waveguides were

written in single scanning along the X axis and various

light guiding modes were obtained depending on the pulse

energy. With the energy being 300−400 nJ, laser impact

resulted in destruction of the material inside a focal region

along the entire written channel. But it made it possible to

fulfill guiding around the focal region as a result of density

redistribution, wherein it guided light polarized both along

the optical axis as well as perpendicular to it. With the

smaller energies, the material was not destroyed and the

written channels exhibited radiation guiding that in principle

depends on polarization of passing light. Thus, the beam

polarized along the optical axis (the Z axis) is quite well

transferred, while the orthogonally-polarized one scatters in

volume. The authors of the study [29] related polarization-

dependent guiding to local amorphization, which results

in formation of the channel with the refractive index that

is intermediate between a minimum one corresponding to

the unusual wave refractive index ne and a maximum one

corresponding to the usual wave refractive index no. This

light polarized along the optical axis was
”
in a polarized

way“ limited by a region with the smaller refractive index

and, consequently, passed through the waveguide.

Writing a waveguide track in LiNbO3 with ultrashort

pulses (λ = 800 nm, ν = 1 kHz, NA = 0.65) at the scan-

ning speed of 100 µm/s is described in the study [30]. At

the same time, light guiding was obtained in the same

track under femtosecond impact (τp = 220 fs) or in a track-

adjacent region (with the lower refractive index) with higher

light-induced refraction due to an increase of the density

as a result of material redistribution (when τp = 1.1 ps).
For both the cases, the increase of the refractive index is

related to a change of a crystal structure of the sample.

The study [31] has investigated writing of the waveguides

(λ = 800 nm, τp = 40 fs, ν = 1 kHz, NA = 0.65) in the

X - and Z-transects of lithium niobate. With the pulse

energy being below Ep = 0.5µJ, the Z-transect exhibited

thermally unstable waveguides that were highly-selective to

polarization. In the X -transect samples, irradiation resulted

in material damage and reduction of the refractive index in

the focal volume. But for this case it is also possible to

guide in the unmodified stress region around the written

track.

Impact of the femtosecond pulses also made it possible

to write the channel waveguides with the core (1n > 0) in

LiNbO3 with multiple scanning (writing of several dozens

of tracks with a transverse step of 0.4 µm). This purpose

was attained by using the Z-transect of lithium niobate

with a periodic domain structure and irradiation with

λ = 1030 nm, τp = 350 fs, ν = 600 kHz, NA = 0.65. It was

noted that unlike usual single writing of the core this case

included no degradation of the nonlinear optical properties

of the material [23,24].
Formation of the depressed-cladding waveguides in

LiNbO3 has been quite extensively studied [11,12,32–38].
Thus, the study [32] has formed the waveguides of a

diameter 50 and 110 µm when using radiations with

the wavelength of λ = 800 nm at duration τp = 350 fs

(ν = 1 kHz, NA = 0.4), which sustained guiding both

of the unusual and the usual wave, wherein annealing

of LiNbO3 made it possible to significantly reduce the

losses. The studies [12,33] have implemented a single-mode

waveguide with a depressed cladding and a squared core.

It is important to note that tubular waveguides produced

by direct writing are usually less sensitive to polarization of

input light and naturally enable extensive control of a core

shape, i.e. a shape of the transferred laser mode, including

formation of adiabatic tapers designed to reduce optical

losses when coupling a chip to an optical fiber [39–41].
The present study has determined optimal parameters of

formation of the waveguides with the depressed cladding in

the X -transect of single-crystal lithium niobate by femtosec-

ond pulses with the wavelength of 1030 nm depending on
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polarization of writing radiation and determined parameters

of guiding of laser radiation when coupling the optical

fiber to sample butt ends to the waveguide formed by the

femtosecond pulses.

1. Sample and unit for laser modification

An original sample was a LiNbO3 X -transect crystal

with a congruous composition (48.6mol.% Li2O) that was

cut out of a plate manufactured by Crystal Technology.

The sample was shaped as a parallelepiped of the size

15 × 10× 1mm with polished facets. In order to create

tracks of a modified refractive index, a light beam was

focused in the crystal volume and then it was written

by moving a table with the sample relative to the fixed

beam. In an experiment performed, the channels of the

modified refractive index were formed along the optical

axis of the crystal. Lithium niobate is a negative uniaxial

crystal. The refractive indices for the usual and the unusual

wave at the wavelength of λ = 1030 nm are no = 2.23 and

ne = 2.16.

The LiNbO3 crystal was modified by laser using a

femtosecond oscillator with a regeneration amplifier based

on the Yb:KGW crystal, which radiates at the wavelength

of λ = 1030 nm. Pulse duration was τp = 175 fs and

the pulse repetition rate could vary within the range

ν = 1 kHz−1MHz. The sample was installed onto an air-

cushioned translational table (Fig. 1) designed to position

the sample at a low vibration level with high precision. The

light beam was focused in the LiNbO3 volume by means

of the Olympus LCPlanN 50× lens having the numerical

aperture NA = 0.65. Polarization of the light beam was

linear and its direction could be controlled by means of a

Figure 1. Diagram of femtosecond modification of LiNbO3:

the light beam (λ = 1030 nm) was focused in the volume of the

moving crystal by means of the lens with the numerical aperture

NA = 0.65. When the tracks were written, the sample was

scanned along the Z axis that coincides with the optical axis of

single-crystal LiNbO3 .

motorized half-wave plate. The modification process was

visualized on-line by means of a CCD camera and light-

emitting diode illumination.

The regions of modification were primarily analyzed by

means of the Olympus BX-61 optical microscope equipped

with a vertically-motorized sample stage and a 14-bit

camera. Recording a z -stack (the set of photos of a

phase object) was followed by determining contrast of

the refractive index 1n in the written tracks as compared

to a surrounding unmodified region by Quantitative Phase

Microscopy (QPM) [42–44].

2. Writing of the tracks of the lower
refractive index

2.1. Determination of the modification threshold

Conditions of femtosecond modification greatly vary for

the various laser systems and largely depend on char-

acteristics of a specific sample. In this regard, optimal

writing parameters were searched. The moving sample was

irradiated by a beam of the femtosecond pulses with the

repetition rate ν = 15 kHz. The beam was buried under

the surface of the polished sample at a distance of about

H = 65µm and it was scanned along the optical axis of

the crystal (the Z axis) at the speed Vwr = 0.5mm/s. The

threshold of femtosecond modification was determined for

two orthogonal polarizations of the light beam relative to

the scanning direction (Fig. 2, a). A polarization plane could

be directed either along the scanning direction (wherein it

is written by the unusual wave) or perpendicular to the

scanning direction (in this case it is written by the usual

wave).

It was written at the various femtosecond-pulse energies

Ep. It was found that the modification threshold Ep = 20 nJ

for both the polarizations. In the range 20−220 nJ, we

have obtained smooth tracks (Fig. 2, a), which are vertically

elongated (Fig. 2, b). The profile of the written tracks was

analyzed from the butt end to show that the tracks formed

by the usual light wave (E ⊥ Vwr ) are somewhat below the

tracks written by the unusual light wave (E ‖ Vwr) (by 3µm

when Ep = 220 nJ, Fig. 2, b), which is explained by the high

refractive index no for the usual wave.

In all the tracks, variation of the refractive index was

negative as compared to the unmodified region, which

can be explained by reduction of a crystallinity degree of

the modified region. The respective dependence of light-

induced variation of the refractive index on the writing beam

pulse energy is shown in Fig. 2, c. The tracks formed by the

usual light wave are characterized by large contrast of the

refractive index when the writing pulse energies Ep > 50 nJ.

When the energy increases from 20 to 220 nJ, the track

height increases from 5 to 12µm (Fig. 2, c).
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Figure 2. Series of the tracks of the modified refractive index, which are written in the LiNbO3 crystal by femtosecond pulses (τp = 175 fs,

ν = 15 kHz) with the various energy. E is a direction of polarization of the writing beam. The scanning speed Vwr = 0.5mm/s. The

images are obtained by means of an optical microscope: a — a plan view; b — a view from the butt end to the tracks formed with pulse

energy Ep = 200 nJ; c — dependences of a track height h and variation of the refractive index 1n on the laser pulse energy for the two

directions of polarization.

2.2. Variation of the pulse repetition rate and the

scanning speed

In order to create homogeneous tracks by the scanning

beam of ultrashort pulses, it is necessary to maintain a

constant number of the pulses Np hitting the sample, which

is determined by the relationship [17,45]:

Np =
D · ν

Vwr

, (1)

where D is a laser spot diameter. Depending on the

light-pulse repetition rate ν , various modes of femtosecond

modification are possible, while the speed variation range

is quite narrow — when Vwr is low multi-track waveguides

will be written exceedingly long, and when Vwr is high, limi-

tations will appear due to a translational system (vibrations,
inhomogeneities of acceleration and deceleration when a

scanning path is short). Therefore, in order to search for

an optimal writing mode that makes it possible to create

the smooth tracks with maximum contrast of the refractive

index 1n, LiNbO3 was modified with proportional variation

of the pulse repetition rate ν and the beam scanning

speed Vwr . With the constant value of the number of

the pulses Np, for each pair ν and Vwr we have formed

the tracks at the constant energy Ep = 80 nJ within the

femtosecond pulse for the two orthogonal polarizations of

writing radiation (Fig. 3). The tracks written by the usual

light wave (with polarization orthogonal to the scanning

direction) were below the tracks formed by the unusual light

wave (polarization along the scanning direction) (Fig. 3, b
for ν = 3 kHz and Vwr = 0.1mm/s).

In all the frequency modes, within the range 1−600 kHz,

at the speeds from 33 µm/s to 20mm/s the modified

tracks reduced the refractive index as compared to the

unmodified region, wherein the value of the refractive

index varied within the range |1n| = 0.035−0.08 (Fig. 3, c).
The scanning direction (+Z or −Z) did not substantially

affect the value of |1n|, i.e. no
”
quill writing“ effect

was exhibited [46]. When writing with the beam with

polarization perpendicular to the scanning direction Vwr ,

the values of contrast of the refractive index |1n| are slightly

higher than for polarization parallel to Vwr . The track height

for all the pairs ν and Vwr , which is determined by means

of the optical microscope when analyzing the tracks via

the polished butt end, was about 10µm. Further on, in

order to form the waveguides with the depressed cladding,

we used the conditions ν = 90 kHz, Vwr = 3mm/s (when

Ep = 70−80 nJ, τp = 175 fs, polarization is perpendicular to

the scanning direction), which resulted in quite high values

of |1n| with the quite fast and well-controlled speed of

translation of the sample in relation to the beam.

3. Waveguide formation

In order to create homogeneous tracks by the scanning

beam of ultrashort pulses, it is necessary to maintain a

constant number of the pulses Np hitting the sample, which

is determined by the relationship [17,45]:

Np =
D · ν

Vwr

, (1)

Technical Physics, 2026, Vol. 71, No. 4
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Figure 3. a — images obtained by means of the optical microscope for the tracks of the modified refractive index, which are written at

the constant number of the laser pulses Np, but at the various proportional values of the scanning speed Vwr and the femtosecond-pulse

repetition rate ν (the plan view); b — the view from the butt end for the tracks formed when ν = 3 kHz; Vwr = 0.1mm/s; c — the

diagram of contrast of the refractive index at the various pairs Vwr and ν (Np = const).

where D is a laser spot diameter. Depending on the

light-pulse repetition rate ν , various modes of femtosecond

modification are possible, while the speed variation range

is quite narrow — when Vwr is low multi-track waveguides

will be written exceedingly long, and when Vwr is high, limi-

tations will appear due to a translational system (vibrations,
inhomogeneities of acceleration and deceleration when a

scanning path is short). Therefore, in order to search for

an optimal writing mode that makes it possible to create

the smooth tracks with maximum contrast of the refractive

index 1n, LiNbO3 was modified with proportional variation

of the pulse repetition rate ν and the beam scanning

speed Vwr . With the constant value of the number of

the pulses Np, for each pair ν and Vwr we have formed

the tracks at the constant energy Ep = 80 nJ within the

femtosecond pulse for the two orthogonal polarizations of

writing radiation (Fig. 3). The tracks written by the usual

light wave (with polarization orthogonal to the scanning

direction) were below the tracks formed by the unusual light

wave (polarization along the scanning direction) (Fig. 3, b
for ν = 3 kHz and Vwr = 0.1mm/s).
In all the frequency modes, within the range 1−600 kHz,

at the speeds from 33µm/s to 20mm/s the modified

tracks reduced the refractive index as compared to the

unmodified region, wherein the value of the refractive

index varied within the range |1n| = 0.035−0.08 (Fig. 3, c).
The scanning direction (+Z or −Z) did not substantially

affect the value of |1n|, i.e. no
”
quill writing“ effect

was exhibited [46]. When writing with the beam with

polarization perpendicular to the scanning direction Vwr ,

the values of contrast of the refractive index |1n| are slightly

higher than for polarization parallel to Vwr . The track height

for all the pairs ν and Vwr , which is determined by means

of the optical microscope when analyzing the tracks via

the polished butt end, was about 10µm. Further on, in

order to form the waveguides with the depressed cladding,

we used the conditions ν = 90 kHz, Vwr = 3mm/s (when

Ep = 70−80 nJ, τp = 175 fs, polarization is perpendicular to

the scanning direction), which resulted in quite high values

of |1n| with the quite fast and well-controlled speed of

translation of the sample in relation to the beam.

4. Waveguide formation

The laser beam scanning for writing the depressed

cladding was along the optical axis (along Z). The

polarization direction was perpendicular to the scanning

direction, i.e. along Y . The cladding of 32 tracks of

the 10µm height was written. The diagram of transverse

arrangement of the tracks that form the waveguide is shown

in Fig. 4, a, it is identical to architectures of waveguides from

the studies [47,48]. An upper part and a lower part of the

cladding consisted of 11 tracks, 5 tracks were on each side,

the step between the adjacent tracks 1y was either 1µm

(Fig. 4, b) or 2µm (Fig. 4, c). In the first case, the diameter

Technical Physics, 2026, Vol. 71, No. 4
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WG1 WG2X

Y

E

10 µm 10 µm

a b c

Figure 4. Planned profile of the waveguide structures (a). The profiles of theLiNbO3-formed waveguides: a step between the adjacent

tracks 1y = 1 (b) and 2µm (c).

of the (unmodified) core was approximately 10 µm, while

in the second case it was 20 µm. The tracks were written

only when scanning along one direction (+Z), while the

sample was returned along the direction −Z with the beam

cut off. The burial depth of a waveguide center in relation to

the surface, through which it was written, was 60µm. The

writing beam pulse energy was 70 nJ. It is clear in Fig. 4 that

the formed waveguides correspond to the planned structure.

The core is close to a round cross-section.

5. Coupling of the optical fiber and input
of radiation into the formed
waveguides

Prior to radiation input, the crystal butt ends were

polished in order to exclude impact of possible defects.

The crystal was fastened on the fixed table. On the one

side (Fig. 5, a), we input a single-mode optical fiber of the

SMF-28 type, which was connected to a source of optical

radiation with the wavelength of 1.55 µm, a spectral band

width of 10 kHz and power of 4 dBm. At the opposite side

of the waveguide (Fig. 5, b), we input a similar optical fiber

connected to an optical power meter. The two fibers and

the waveguide were roughly aligned by means of visible

radiation.

After rough alignment, each optical fiber was aligned in

relation to the waveguide by an optical-signal maximum

with an accuracy of up to 0.1 µm. Waveguide output

intensity was profiled (Fig. 6) by means of an optical fiber

coupling station equipped with linear piezopositioners with

a 50 nm step. It was profiled by scanning the crystal butt

end in a region of the waveguide output in a
”
snake“

algorithm with automatically recording each obtained values

of transmitted optical power. Optical probes were flatly-

a

b

LiNbO3

SMF-28

Air

SMF-28

LiNbO3 Air

Figure 5. Photos shot from a vertical camera when aligning fiber

lightguides with the crystal waveguides.
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Figure 6. Dependence of an optical-signal level on shifts between

the fiber lightguide and the waveguides WG1 (a) and WG2 (b).

cleaved single-mode optical fibers. We note that both

the guided modes are characterized by a slightly elliptical

profile. A length of a minor axis of the ellipse of the guided

mode is 13.1 µm for the WG1 waveguide, so is 19.1 µm for

the WG2 waveguide. For the WG1 waveguide, ellipticity of

the guided mode (k = B/A, where B and A are semi-axes

of the intensity profile ellipse) is kM1 = 0.94, while mode

ellipticity for the WG2 waveguide is kM2 = 0.91, which

quite well correlates with core ellipticities kWG1 = 0.95

and kWG1 = 0.90, which are evaluated by images from the

optical microscope (Fig. 4, b, c).

Losses in a system that consists of the waveguides

written by the femtosecond laser and the two optical fibers

coupled to the waveguide butt ends (fiber-to-fiber) have

been measured. The values obtained were at a level −4.5 dB

(WG1) and −5.7 dB (WG2). With subtraction of radiation

input/output losses that are at least 0.5 dB, it provides

waveguide’s linear losses of about 2 dB/cm (for WG1)

and 2.5 dB/cm (WG2). The radiation input/output optical

losses were estimated across a large scope of experiments

previously done for coupling waveguides in lithium niobate

and single-mode optical fibers. They were estimated by

a method of subsequent chip shortening with plotting a

dependence of fiber-to-fiber losses.

The studied sample has been taken to determine general

losses in the system of the two optical fibers and the

tubular waveguide written in lithium niobate. No separate

experiments for determining input/output losses were done

since the method is destructive. The provided estimation of

the value of the optical losses is minimal, and for other cases

the radiation input optical losses can be even higher, thereby

meaning even lower values of losses for propagation of

radiation in the formed waveguide with taking into account

preservation of the value of the fiber-to-fiber optical losses.

The experimentally obtained values of the losses are

quite low and correspond to photonic integrated circuit

samples based on lithium niobate, whose waveguides are

photolithographically formed. It indicates both attractive-

ness of the technology of direct laser writing of waveguides

with reduced cladding contrast for LiNbO3 as well as

convenience of butt-end input/output of radiation by the

single-mode optical fiber, thereby making this approach

suitable for fast prototyping of the photonic integrated

circuits and forming of structures with a complex topology,

including a three-dimensional one.

Conclusion

Linearly-polarized femtosecond (175 fs) radiation with

the wavelength of 1030 nm was used within the volume

of the X -transect of the LiNbO3 single crystal to implement

writing of the tracks of the modified refractive index with

various orientation of a polarization vector in relation to the

optical axis of the crystal. It is shown that the tracks of

the lower refractive index, which are formed by the usual

light wave, are below the tracks written by the unusual light

wave, which is related to the high refractive index for the

usual wave in LiNbO3.

When the pulse energies are within the range

Ep = 70−80 nJ, the pulse repetition rate is ν = 90 kHz and

the laser beam sample scanning speed Vwr = 3mm/s, the

depressed-cladding waveguides of the length of 15mm and

the mode diameters 13 and 19µm were formed along the

direction of the optical axis (the Z axis). The optical fiber

was input to the formed waveguides at the butt ends and

guiding of radiation with the wavelength of 1.55 µm was

demonstrated in the system of the two fiber lightguides

and the tubular light guide in the LiNbO3 volume with

the least losses being about 2 dB/cm. The obtained results

demonstrate that this approach based on integration of

the waveguide formed by the femtosecond pulses and the

commercial optical fiber is promising for various application

of integral optics and engineering of photon integrated multi-

element circuits.
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