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Observations and Theory of High-Power Butt Coupling
to LiNb03-Type Waveguides

JACOB M. HAMMER AND CLYDE C. NEIL

Abstract-We report the study and observation of high-efficiency
(greater than 60 percent) and high-power (13 mW CW and 27 mW, 5 PS
5 pereent duty cycle puke) butt coupling of diode lasers to indiffused
LiNb03-type waveguides. We verified the predictions of the existing
coupling theory at previously unreported power levels, and present a
novel theoretical explanation of the effect of multiple reflections on
laser output and waveguide coupling. The theory predicts our experi-

mental observation that the amplitude of the periodic variation of laser

output with laaer-waveguide separation distance is a nonmonotonic
function of laser drive current.

Our measurements also lead us to infer that the onset of optical
damage in Ti: LNb03 occurs at a CW power density of 4 X 105 W/cm2
in the 0.83 pm wavelength region.

I. INTRODUCTION

w E describe the results of a program designed to study

and demonstrate high-efficiency, simple butt coupling

of high-power diode lasers to indiffused LiNb03 waveguides.

We observed coupling efficiencies averaging well above 60 per-

cent and a peak coupling efficiency of 73 percent. We ob-

served the highest coupled power ever reported from diode

lasers into diffused LiNb03 waveguides (13.0 mW CW and

27.6 mW for 5 I.-N,5 percent duty cycle pulses). We verified

the predictions of the existing coupling theory, and also de-

veloped a new theory to explain the effect of the coupling

process itself on the laser output. This latter theory clarifies

the mechanism causing the spatial Fabry-Perot fringes that

have often been observed in butt coupling [1], [2]. In addi-

tion, we also measured a striking decrease in the incoherent

power coupled into the waveguide as compared to the inco-

herent power leaving the laser.

We were able to obtain outstanding coupling results because

of the desirable characteristics of the constricted double-

heterostructure, large-optical-cavity (CDH-LOC) lasers that

are produced by RCA. These lasers provide a large transverse

optical cavity dimension that more closely matches the dimen-

sions of the waveguides than the cavity of conventional diode

lasers. In addition, these lasers have output powers up to 40

mW CW in a single spatial and temporal mode.

We describe the theory of the coupling process and the

effect of the coupling on laser output power in Section II.

Our experimental methods and procedures are described in

detail in Section III. The experimental results and discussion

of these results are given in Section IV, and our conclusions

are presented in Section VI.
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A preliminary report of some of our experimental results is

given in [16].

II. THEORY

The theory of butt coupling between optical waveguicles

has been treated by many authors [3], [9]. This theory is

applicable to the coupling of diode lasers to opticsd wave-

guides because the active region of a diode laser is a waveguide.

The existing theory, however, does not fully treat the effect

of the reflectivity of the polished-waveguide edge on the

operating point of the laser. We will, therefore, present addi-

tional analysis to account for the waveguide-edge reflectivity.

As will be seen, under certain conditions, even waveguide

edges coated to have reflectivities as low as 1 percent can

cause significant changes in laser output.

A. Coupling Efficiency

Consider the butt coupling arrangement shown in Fig. 1.

Light emerging from the laser can, to a good approximation

[4], be represented as having a Gaussian distribution of mock-d

field (e) in the x direction. The light is considered to be

uniform in the y direction and propagates in the positive z

direction. The Gaussian laser-beam waist 2UL is measured to

the points at which the maximum field eL has fallen to eL/e.

The laser facet is in the x-y plane.

We make the approximation that light emerging from the

waveguide (assuming that the waveguide is excited and the

guided mode is traveling in the negative z direction) can also

be represented as having a Gaussian distribution in the x direc-

tion. The beam waist of the waveguide mode is 2UG mea-

sured to the 1/eth points in field amplitude. We will assume

that the polished-waveguide edge is parallel to the laser facet.

With these assumptions, and for the case that the offset XO

between the center lines of the laser and waveguide’s beam

waists is zero, the fractional coupling efflcienc y (K) is given

by [3]

K = 2(6JL/CJG + ~G/@L) ‘1{1+[J%12}1°
(1)

where z is the distance between the laser facet and the wave-

guide edge. The case of other than zero offset is discussed in

[9] and will not be considered here. K will be reduced if the
beams are non-Gaussian. Burns [3] estimates that for the

modes typical of LiNb03 guides, the actual coupling efficiency

will be 0.96 K.

In practice, the coupling efficiency is obtained by measuring

the laser output at a given laser drive current when the laser
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Fig. 1. Butt coupling arrangement showing definition of terms for
theoretical calculation of coupling efficiency.

is remote from the waveguide. The laser is then positioned

close to the waveguide as in Fig. 1, operated at the given cur-

rent, and the light coupled into the wa,veguide is measured.

The value of the coupling efficiency is then calculated assuming

that the laser output at a given laser drive current is inde-

pendent of the coupling process. This, as will be seen, is

correct only if there is no light reflected from the waveguide

back to the laser.

B. Fabiy-Perot Effects

We will now consider what happens if the reflectivity of the

waveguide is not zero. We first note that the objective of

positioning the laser is to maximize the coupling. This results

in placing the laser facet parallel and close to the optically

polished waveguide edge. Two flat reflectors arranged in this
way form a Fabry-Perot interferometer. (See Fig. 2.)

We picture an infinitesimally thin reflector with reflectivity

equal to the waveguide-edge reflectivity R ~ combining with

the reflectivity of the laser facet to form an effective laser

output mirror with reflectivity y R ~ located at the laser output

facet. In this picture, the waveguide edge is treated as having

zero reflection. The coupling then is described by (l). The

method of finding the output power to be used in experi-

mentally determining the coupling is described below, and no

additional correction need be applied for reflections from the

waveguide edge. In this approach, we are also assuming that

the external Fabry-Perot cavity formed by R ~ and Rz does

not pull the single longitudinal laser mode in any way that

would affect the CW behavior [5] . This last assumption has

not been experimentally tested in our present study.

The total combined reflectivity of the parallel reflectors R2

and R ~ can readily be shown to be [6]

6 = 41rz/A, h = AO/nO. (2)

The minus sign in both the numerator and denominator is

taken to account for the n phase shift in a reflection from a

dielectric mirror. 10 is the free space wavelength and no is

R3 R2 RI
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Fig. 2. Drawing defining powers and reflectivities for calculation of

Fabry-Perot effect in butt coupling.

the refractive index of the medium between the laser output
facet and the waveguide edge. For coupling in air, no = 1.

In (2), when 8 = n, 3r7, . . “(2q+l)7r or z=(2q+l)A/4, q

being an integer, RT is maximized. When 8 = O, 27r, 4n, “s “

(2q) fl or z = (2q) 1/4, RT is minimized.

We now calculate the effect of such changes in reflectivity

on the laser output power PI and the power coming out of

the back laser facet Pz. We consider a laser with output-facet

reflectivity y R ~ and back-facet reflectivity Rs. The total

power output from both facets is P, given by the expression

[7]

{
P=~~i I- --$ [l%, +&i + (2L)-1 lnR-’ ]

}

(

(2L)-’ lnR-l

)x (2L)-1 in R-l + I%FC + (1 - r) ~i .
(3)

R is the geometric mean of RT and R3. R = ~m.

A is the junction area, 17is the radiation confinement factor,

and q is the laser internal efficiency at threshold. 13and a. are

material parameters, and L is the laser length (in centimeters).

&,FC is the free carrier loss, ai is the internal loss, and ~i is

the differential quantum efficiency. Eg is the bandgap energy,

e is the electronic charge, and 1 is the laser current.

For the CDH-LOC lasers used in the experiment reported

below, the radiation confinement factor I’= 0.25. Using the

ValUeS cro = 215 cm-l, ~i = 50 cm-l, ~FC = 10 cm-l [7], we

write (3) in the form

(4)

For the lasers of these experiments, L is 2.5 X 10-2 cm, and

thus (2L)-1 =20 cm-l. The constants A ~ and AZ are found

by fitting (4) to the measured power-current characteristic of

the laser. In these measurements, RT = R2 = 0.3 and Rs = 0.8.

We also use the relationship [8]

P=P~ +P~. (5)

The CW (and long pulse) output power does not remain linear

above I = 140 mA. We empirically adjust A ~ to match the

experimental values above 1 = 140 mA. We do not, however,

change the threshold current value so that A2 remains con-
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Fig. 3. Calculated single-facet output power for CDH-LOC laser a
function of effective output reflectivity R ~. The parameter is the
ratio of laser current to threshold current. Solid lines are output
toward waveguide; dashed lines are back facet powers.

stant. Fig. 3 shows plots of the output power PI (solid lines)

and back power P2 (dashed lines) versus R ~ obtained from

(4). The output-facet reflectivity R2 is 0.3, and the back-

facet reflectivity R3 is 0.8. The parameter is the ratio of

laser current to threshold current. For this laser, the threshold

current (lTH ) is 100 mA.

We use the plots in Fig. 3 to find the actual output power

during coupling. We recall that du@g coupling, RT changes
from a value equal to the output-facet reflectivity (R2 ) to

some other value described by (2), but which is unknown.

Thus, both the operating point of the laser and the front-to-

back power ratio change. This can be accounted for by

monitoring the back-facet output P2 and proceeding as follows.

The ratio of the change in back power between the coupled

and uncoupled condition (back detector ratio) is used to

multiply the value of the back power at R ~ = R2 = 0.3 from

Fig. 3 and to find the actual value of P2 and RT. Using this

value of RT, a laser power correction factor is found. This is

the ratio of PI when RT was as above to the value of PI when

RT = 0.3. This factor is then used to multiply the direct

laser output to get the correct value for use in obtaining the

coupling.

We now wish to provide some additional discussion of the

effect of the Fabry-Perot “fringes” described by (2) on our

observations. Because RT will have a periodic variation with

z, we should observe a periodic variation in both the coupled

power and in the back power. The period will be h/2 and the

spacing from maximum to minimum X/4. Under an assump-
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Fig. 4. Calculated CDH-LOC laser power emitted toward waveguide
(Pl ) as a function of waveguide reflectivity (R ~). Solid lines are for
z spacing such that 6 = 4nZ/ A = n, 3n; dashed lines are for 6 = O,
27T, 4n. The parameter is the ratio of laser current to threshold
current.

tion of ideal conditions, the amplitude of the periodic varia-

tion in coupled and back-facet power may be obtained by

using the value of RT obtained from (2) in (4). We have done

this for the CDH-LOC laser of this study for the extremes

which occur when 6 = n (RT is maximized) and for 8 = 2n (RT

is minimized). In Fig. 4, we plot the laser output (Pl ) as a

function of waveguide reflectivity R ~ and 8 = n (solid lines)

and for 8 = 27r (dashed lines). The ratio of laser operating

current to threshold current is the parameter. Note that in

contrast to [9], even for R ~ = 0.01 (1 percent reflectivity y),

relatively large changes in laser output are predicted. At

I/ZTH = 1.1, the predicted power goes from a minimum of

4.8 mW to a maximum of 8.7 mW giving a ratio (max-min)/

max =46 percent. This shift in output would occur for rela-

tive motions of A/4 (2100 ~ at X = 0.84 pm). As the operating

current is increased, the percentage change drops until a cur-

rent of 1.31TH is reached, and it then increases more slowly as

the current is further increased. What is also rather interesting

is that for each value of current, a waveguide reflectivity can

be found for which the change in output with z will be sub-

stantially zero. For example, at 1 = 1.41TH, this occurs at

R ~ = 0.11 (this is the point at which the 8 = n curve (solid

line) crosses the 8 = 2Tr curve (dashed line) of the same cur-

rent). We thus predict that at a fixed waveguide reflectivity,

the amplitude of the variations in laser output P1, when

changing z, should first decrease as the operating current

increases, approach zero at some “optimum” current, and then
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Fig. 5. Calculated CDH-LOC laser back power (P2) as a function of
waveguide reflectivity (R 1). Solid lines are for & = n, 37r, 53T;dashed
lines are for 6 = O, 27r, 4rr. The parameter is the ratio of laser current
to threshold current.

once again increase with further increase of operating current.

This nonmonotonic variation was not predicted in the approxi-

mate treatment of Mueller et al. [9]. In Fig. 5, we plot the

back power (P2 ) as a function of waveguide reflectivity (R ~)

for 8 = n (solid lines) and for 5 = 2n (dashed lines). The ampli-

tude of the variations in back power with changing z should

decrease slowly and monotonically as the laser current is

increased.

The Fabry-Perot theory we have presented assumes per-

fectly parallel reflections and a parallel beam. If the laser

output facet and waveguide end are tilted by some modest

amount, the fringes will be less sharp and smaller, but quali-
tatively similar effects will be observed. There will be some

effect as long as the tilt is sufficiently small so that many

reflections can take place before the beam “walks off” the

reflectors. We would expect that an effective waveguide

reflectivity less than the actual waveguide reflectivity would

suffice to represent the actual coupling as compared to the

ideal case. Our theory thus predicts that the light coupled

into the waveguide will show the periodic variations due to the

Fabry-Perot effect (2), (4) superposed on the general drop in

coupling with increasing z predicted by (l).

We might point out that the variation of laser output with

the spacing of an external Fabry-Perot as described here might,

in fact, be used as a convenient tool to study laser performance

as a function of reflectivity.

III. EXPERIMENTAL METHOD AND PROCEDURE

A. Lasers and Optical Waveguides

The high-power and moderate-power CDH-LOC lasers used

in this study are fully described in [10] and [11]. The high-

power CDH-LOC laser provides CW powers of over 40 mW in

a single spatial and longitudinal mode. The relatively large

transverse beam waist size of these lasers allows us to obtain

the high coupling efficiencies reported below.

We used Nb-diffused LiTa03 [12] (LNT) and Ti-diffused

LiNb03 [13] waveguides for the coupling experiments. The

LNT guide was prepared here by diffusing 600 A of Nb into

an x plate of LiTa03 for 2 h at 1180”C. The Ti-LiNb03

guide was made by Westinghouse [14]. It was formed by

diffusing 280 A of Ti into an x plate of LiNb03 for 6 h at

100”C. The orientations of the guides are shown in Fig. 6.

The waveguide edges were ground and optically polished

using conventional techniques. The waveguide beam waists

are determined from far-field measurements.

B. Coupling

Fig. 6 is a schematic drawing of the experimental coupling

arrangement. An enlarged view of the laser and mount is

shown in the inset. The laser is mounted on a copper “L”

mount that is grooved to accept a p-i-n detector used to

monitor the light from the back laser facet. The copper “L”

mount is clamped firmly to a thermoelectric cooler. A thermo-

couple embedded in the copper is used with a feedback cir-

cuit to the cooler to maintain constant “L” mount tempera-

ture. The laser assembly is supported in a micromanipulator

with six degrees of freedom. The X- Y-Z translational motions

are controlled by both “coarse” and differential micrometer

screws. The differential screws can be positioned and read to

0.025 #m (250 ~).

Light butt coupled into the optical waveguide is coupled

out by a SrTi03 prism. Light coupled out of the waveguide

by the prism must pass through a slit to reach the calibrated

p-i-n detector. The slit dimensions and position are chosen so

that only the “m” line of the coupled waveguide mode [15]

is allowed to pass and fall on the detector. The calibrated

detector has an area of 1 cm2 and is positioned to accept all

the light passing through the slit. In this way, we ensure that

all the light coupled by the prism out of the waveguide both
originates in the waveguide mode and is read by the detector.

The prism base is approximately 7 mm long, a length sufficient

for substantially all of the guided light to be extracted.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Initial coupling measurements were made using the LNT

guide and a moderate-power CDH-LOC laser. Fig. 7 is a plot

of coupling efficiency versus axial distance (z) for the LNT

waveguide. This set of data was taken using a LiNb03 in-line

output prism, and the data are corrected for the reflectivity

of the output prism (14 percent) and for a measured wave-

guide loss of 1.65 dB in 1.5 cm. No correction for the Fabry-

Perot effect was, however, taken in this measurement. The

solid line is the theoretical coupling efficiency calculated
from (1) using the measured values tig = 1.18 ~m and o ~ =

0.47 Em. The maximum observed value, K = 0.64, is in reason-

ably good agreement with the calculated value of 0.66. The z

location of the peak data point is arbitrarily set at zero. The

absolute value of the spacing between the laser and the wave-

guide is uncertain by approximately 1.0 #m in this data set.

The axial distance between data points was too large to re-

solve the Fabry-Perot effect in this measurement.

A similar plot of coupling efficiency versus z for early
measurements on the Ti-LiNb03 waveguide is shown in Fig. 8.

The coupling vahres are corrected for prism reflectivity and

measured waveguide loss of 2.09 dB in 3.0 cm. An SrTi03
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solid line is calculated from (1). The incremental steps taken in
moving the waveguide are too large to resolve the Fabry-Perot effect.
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prism output coupler was used for measurements on the Ti-

LiNb03 waveguide described below. The prism had a mea-

sured reflectivity y of 13 percent. A second moderate-power

CDH-LOC was used. The laser-beam-transverse waist is 0.38

pm and the guide waist is 1.62 #m. The data points for z

up to approximately 4.5 Mm are connected to straight dashed-

line segments. The Fabry-Perot effect is apparent. Closer

spaced data points are, however, required for full resolution.

This is done in detail for the high-power CDH-LOC laser

measurements described below. The laser current is 100 mIA

CW or 1.041TH, giving a laser power of 2.3 mW. The maxi-

mum power coupled into the waveguide is 1.0 mW, and the

coupling efficiency is thus 0.44, which is in good agreement

with the theoretical value of 0.43. The experimentally ob-

served decrease in K as z is increased is more rapid than tlhe

theory (1) predicts, but is obviously affected by the very

strong Fabry-Perot fringes. The large amplitude Fabry-

Perot fringes observed are consistent with our theory for

laser operation close to threshold.

We will now describe the detailed measurements made using

a high-power CDH-LOC laser. Fig. 9(a) is a power-current

plot of the direct laser output (solid line) and the power

coupled into the TEO mode of the Ti-LiNb03 waveguide

(data points and dashed line). The direct laser output curve

is taken for CW laser operation. There is no observable shift

in this curve when the laser is operated with 5 KS, 5 percent

duty cycle pulsed current. The solid circles are data points

for 5 us, 5 percent duty cycle pulses. The triangular data

point is for CW operation, and represents the highest CW

power, 13 mW, that we were able to couple into the waveguide.

Measurements to obtain the data points above 110 mA in Fig.

9(a) were obtained by optimizing the coupling position at a

single laser current (140 mA), and then proceeding to vary the

laser current and take readings of the light power coupled out

of the waveguide and out of the back detector. Below 110

mA, the z position was adjusted to maximize the coupling for

each data point.

The threshold region is shown using enlarged scales in Fig.

9(b). A striking decrease in the amount of incoherent light

coupled into the waveguide as compared to the amount

directly out of the waveguide is apparent. If the coupling

efficiencies were directly calculated from the data shown in

Fig. 9(b), values over 100 percent would be obtained. This

apparent anomaly is due to the increased effective laser

reflectivity caused by the Fabry-Perot effect, resulting in

increased laser output during coupling.

Table I summarizes the coupling measurements. The correc-

tions for the Fabry-Perot effect are shown for all the measure-

ments made with the high-power CDH-LOC laser. The early

measurements made with the lower power lasers do not in-

elude the correction since we had not yet equipped these lasers

with a back power detector.

For the CDH-LOC laser at high outputs, the laser power

correction factors for laser currents above 1. llTH (110 mA)

are less than 10 percent. The corrections for currents below

1.llTH are, as expected, larger. At 1.04~~H, the correction is

over 50 percent.

The agreement between the average coupling efficiency for

the 5 I-W,5 percent duty cycle data (5 ps, 5 percent) and the

theoretical value is good (0.621 i 0.060 compared to 0.69

theoretical). The discrepancy is almost within the standard

deviation of the measurements. Rather smrdI offsets (see Fig.

10) or angular misalignments could result in such discrepancies.

It should be recalled that the coupling for the 5 PS, 5 percent
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laser in both CW and 5 M pulse operation (solid line) and light cou-
pled in Ti-LiNb03 waveguide mode (dashed line and data points).
(b) The near threshold region shown with expanded scales.

TABLE I
SUMMARY OFEXPERIMENTALRESULTS

Laser Power Corrected Power Coupled into
CW Laser Current Direct Laser Back-Detector Correction Laser Power TEO Waveguide Coupling Efficiency

(mA) Output (mW) Ratio Factor (mW) Mode (mW) Measured Theory

High Power CDH-LOC Laser UI = 0,69 pm, L = 0.839 #m, lTH = 100 mA; Ti-LiNb03 Waveguide Wg = 1.62 ~m K, 0.96 K

140 24.9 0.96 1.008 25.1 13.0 0.52 0.72,0.69
(5 ws,5 percent

Duty Cycle)
170 36.6 0.82 1.074 39.31 27.6 0.70
160 33.4 0.93 1.030 34.40 20.2 0.59
150 29.2 0.96 1.007 29.40 19.3 0.66
140 24.9 0.96 1.008 25.10 15.5 0.62
130 19.6 1.09 0.985 19.31 11.1 0.58
120 14.8 1.12 1.013 14.99 8.4
116 12.2

0.56
1.10 1.021 12.46 6.7

112 9.3
0.54

1.12 1.053 9.79
108

5.7
6.6

0.58
1.33 1.120 7.39 4.5

106 4.5
0.61

1.77 1.180 5.31 3.9
104 3.2

0.73
1.44 1.526 4.88 3.2 0.66

5 ws, 5 percent 0.621 0.72,0.69
Average +.060

Moderate Power CDH-LOC Laser w ~ = 0.38 urn, k = 0.853 ~m, ZTH = 96 mA; Ti-LiNb03 Waveguide PO= 1.62 ~m
100 mA 2.3 — — 2.3 0.44 0.45,0.43

Moderate Power CDH-LOC Laser w 1 = 0.47 pm, k = 0.850 pm, lTH = 70 mA; LNT (Nb-LiTa03) Waveguide Wg = 1.18 pm
(46 ws, 50 percent

Duty Cycle)
90 3.6 — — 3.6 2.3 0.64 0.69,0.66

(1.286~th)

data points above 1 = 110 mA was optimized only at 1 = 140 efficiency of only 52 percent was obtained, leading to the

mA. suspicion that some other mechanism was interfering with the

The high-power CW data point at 1 = 140 mA was inde- coupling. We strongly suspect that optical damage to the

pendently and carefully optimized. Despite this, a coupling waveguide was occurring at this CW power level. It was this
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Fig. 10. Output from Ti-LiNb03 waveguide as a function of offset X.
The z position is optimized at each data point.

observation that led us to favor the 5 ps, 5 percent pulse

measurements which we used for all the other observations we

are reporting on the coupling between the high-power CDH-

LOC and the Ti-LiNb03 waveguide.

Nevertheless, the very high CW power of 13 mW coupled

into the LiNb03 guide is notable. This, to the best of our

knowledge, is the highest CW power coupled from a diode

laser into any thin-fdm waveguide by any means. At this CW

power level, we estimate that the optical power density is on

the order of 5 X 105 W/cmz (CW) at the mode center, based

on the measured laser lateral full beam waist of 6 #m and the

full waveguide beam waist of 3.24 #m.

The variation of the light coupled out of the waveguides as a

function of transverse x position (offset) is plotted in Fig. 10

for the high-power CDH-LOC-LiNb03 combination. The

laser current is 140 mA, 5 IX+,5 percent pulse. The coupling

is optimized by adjusting z at each data point shown. The

coupling drops by 10 percent for offsets of approximately

~0.65 pm and by 50 percent for *1.5 ~m.

Point-by-point plots of the power coupled out of the LiNb03

waveguide as a function of z are given in the upper part of
Fig. 11. The power out of the laser back facet as a function of

z are given in the lower part of Fig. 11. The high-power CDH-

LOC laser is used. The power scales are arbitrary. Plots for

laser currents 1.61TH (160 mA), 1.41TH (140 mA), 1.21TH

(120 mA), and 1.llTH (110 mA) are given. The, circular data

points are connected by straight-line segments. The average

spacing of the data points is 0.054 #m. The periodic variation

of the power with z is obvious. The average maximum-to-

minimum distance (fringe spacing) is A/4 (0.21 ~), as ex-

pected from the theory of the Fabry-Perot effect. The ratios

of the maximum power to the minimum powers are given in

Table II.

We thus observe that the maximum-to-minimum ratio of

power coupled to the waveguide decreases with increasing

current in the range 1.1 lTH - 1.41TH. The ratio then increases

with increasing laser current above 1.41TH. This behavior is

predicted by the theory. As explained in Section II, the non-

monotonic variation of maximum-to-minimum ratio with

current follows from Fig. 4, and is in good qualitative agree-
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Fig. 11. Upper portion: power out of Ti-LiNb03 waveguide as a func-
tion of z with Z/ZTH as a parameter, Lower portion: back facet
power as z is varied. High-power CDH-LOC laser. The data points
are connected by straight-line segments. The Fabry-Perot effect is
evident.

TABLE II
MAXIMUM-TO-MINIMUM POWRRRATIOS

Power Out of Waveguide
Laser (Proportional PI) Back Facet Power

Current Max/Min (average) Max/Min (average)

l.llTH 5.4 5.3
1.21TH 1.7 2.5
1.41TH 1.2
1.61TH 1.4 H

ment with the observation. As can be seen in Table II, the

maximum-to-minimum ratio in the back facet power decreases

monotonically as the laser current is increased through the

entire range of observation from 1.1 lTH to 1.61TH. This is

also in good qualitative agreement with the theory, as can be

verified with Fig. 5.

V. CONCLUSION

We have observed efficient and high-power butt coupling

between diode lasers and indiffused LiNb03 -type waveguides.

By using a high-power CDH-LOC laser with a relatively large

beam waist, we have observed coupling efficiencies as high as

73 percent and averaging 62 percent in coupling to a Ti-

LiNb03 waveguide. With this laser and waveguide combina-

tion 13.0 mW (CW) and 27.6 mW (5 I.-Is, 5 percent duty cycle

pulses) optical powers have been coupled into the waveguide.

These are the highest powers coupled by any means from

diode lasers into LiNb03 waveguides. Our measurements

also lead us to suspect that at a wavelength of 0.84 #m, optical

damage occurs in LiNb03 at power densities of 5 X 105

W/cm2 CW,

Our observations give strong support to the existing theory

of butt coupling between optical waveguides. In addition,

the novel theory we developed to explain the Fabry-Perot
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effect that occurs during butt coupling is also substantially

verified. This latter theory explains the variations that occur

as a function of laser drive current and axial position. The

nonmonotonic variation in the amplitude of the Fabry-Perot

coupling fringes with drive current has not previously been

predicted.

We observed a strong decrease in the amount of incoherent

light coupled into the waveguide as compared to the amount

emitted by the laser. This reduction may provide a sufficient

decrease in the coupled incoherent light to satisfy the require-

ments of many applications using diode-laser light in LiNb03

waveguides.
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