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FIG. 3. Scans of the focusing spot (upper parts of the figure) and of
interferograms of the output beam (lower parts), showing examples of
smooth (a) and abrupt (b) shifts of the focal spot simultaneous with
distortions of the phase front.

merits. At low pumping rates (low pump radiation energies)
the scans of the focal spot were in the form of a straight line
of width close to the diffraction limit. However, in some
cases (Fig. 3) we observed transverse shifts of the focal spot
which were of the same order of magnitude as the estimate
given above.
An analysis of the results of our measurements led us to
the following conclusions. When the threshold pumping rate
was exceeded slightly, the distortions of the phase front were

small and phase conjugation ensured accurate reproduction
of the pump radiation structure. The distortions increased
on increase in the pump radiation energy and could reach
~ ITT. Under strong saturation conditions there were abrupt
changes in the phase during phase conjugation and these
were accompanied by dips in the pulse profile. These jumps
in the phase during conjugation could shift considerably the
focal spot during a pulse when the radiation from laser systems employing phase conjugation was focused.
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Matching of a stripe injection laser to an external resonator
V. L Velichanskit, M. V. Zverkov.A. S. Zibrov.V.V. Nikitin.V.A. Sautenkov,
N.V. Senkov.V.M. Sitkin.andG.T. Pak
P. N. Lebedev Physics Institute, Academy of Sciences of the USSR, Moscow
(Submitted March 13,1989; resubmitted December 28,1989)
Kvantovaya Elektron. (Moscow) 17,781-786 (June 1990)
Theoretical and experimental investigations of the characteristics of matching of a planar active
waveguide to an external axially symmetric resonator are reported. The dependences of the
threshold current on the external resonator length are obtained for stripe injection lasers with the
waveguide amplification effect. These dependences are shown to be opposite for a resonator with
a parallel beam in the external part and for a system with beam focusing by an external mirror. In
the case of lasers with a dispersive external resonator the slopes of the dependences are sensitive to
the spectral tuning of a selective element. It is shown that the observed characteristics of the
dependences of the threshold pumping rate on the length of the external resonator are related to
the change in the curvature of the wavefront of the field during the passage through the external
part.
INTRODUCTION

The use of a selective external resonator in an injection
semiconductor laser makes it possible to reduce the lasing
threshold, widen the tuning range, and reduce by several
orders of magnitude the width of the emission line.1'2 These
parameters of an injection laser with an external resonator
(ILER) are governed largely by the effectiveness of the external feedback loop.3'4
The first discussion of the matching of a planar active
laser waveguide to an axially symmetric external resonator
was reported in Ref. 5, where the light-emitting face and the
704
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external mirror plane were assumed to be located in the focal
planes of the same matching objective. In this geometry a
Gaussian beam is self-reproduced after a complete round
trip in the external resonator and this is true irrespective of
the initial parameters of the beam. Changes in a Gaussian
beam in the course of a round trip through an external resonator are considered in Ref. 6 as a function of the optical
power of the matching objectives and of the distance to the
external mirror. In addition to the configuration described
in Ref. 5, several more variants have been suggested for ensuring self-reproduction of the wavefront after a round trip
in an external resonator. Construction of an external resona-
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tor with a concave external mirror, which does not distort
the field in the active part of an injection laser, has been
reported.
Our aim was to investigate theoretically and experimentally the effectiveness of such external optical coupling
as a function of the length and configuration of the external
resonator.

beam in the YZ plane we shall use the Gaussian approximation for the beam. In the geometric-optics approximation the
changes in the distance from the beam to the axis of the
system and in the angle of tilt of the beam to the axis are
described by the following ray matrix (M):

1. THEORETICAL ANALYSIS OF MATCHING

We shall find more accurately the type of the matrix
that describes propagation of a ray in an external resonator
(n = 1, A = A 0 /n = A 0 ). According to the above assumptions, the dimensions of the source and of its image, formed
after a complete round trip through the resonator, can be
ignored: x' = x = 0. Consequently, x' =A-O +5-7 = 0 applies to any angle, i.e., B = 0, but since the determinant of
the ray matrix is equal to unity,7 we obtain AD = 1.
Propagation of radiation in the p-n junction plane can
be described in the approximation of Gaussian beams specified by the radius of curvature of the wavefront R and by the
beam half-width W, which are both determined uniquely by
a complex parameter:

In order to optimize matching in respect of the losses
and of the value of the threshold current, we must solve a
self-consistent problem for the field in a composite spatially
inhomogeneous resonator. We shall do this subject to certain
simplifying assumptions for injection lasers exhibiting gaininduced confinement of the field.
An analysis of the matching of a laser to an external
resonator will be made in two stages. We shall first consider
the transformation of a light beam in the external resonator
and then discuss changes experienced by the beam inside the
active region when a feedback is established. In this analysis
we shall use a model of an ILER proposed in Ref. 8, but we
shall make the following six assumptions.
1. We shall assume that the thickness of a planar active
waveguide dx <0.5 /j,m (along the X axis) is considerably
less than the width of a stripe contact dy^ 5 yum (along the Y
axis) and less than the wavelength /10 = 0.8-1.3 /urn. We
shall postulate that the optical length of the laser is nl~ 10~3
m, which represents only a small fraction of the total external resonator length L (nl/L~ 10~~2-1CT3).
2. We shall also assume that the field distribution on the
face of a laser just after emerging from the semiconductor
crystal is Gaussian and it can be described by
E(x,y,Q) = E0 exp \-x
(1)

where Wy , Ry and Wx , Rx are the half-widths and radii of
curvature of the wavefront of a Gaussian radiation beam in
the p-n junction plane ( YZ plane) and at right-angles (XZ)
to this plane, respectively; k — 2-rr/A^.
3. At right-angles to the active waveguide plane (along
the X axis) the distribution of the field in the active region
will be assumed to be governed by discontinuities of the refractive index in a double heterostructure and we shall also
postulate that changes in the gain can be ignored within
these limits because the diffusion length of electrons is considerably longer than the thickness of the active region.
4. The laser mirror facing the external resonator is totally antireflection-coated (its reflection coefficient is zero).
5. None of the optical components of the resonator can
give rise to aberrations in the radiation beam. The matching
objectives are ideal thin lenses with the optical power
6. We shall finally assume that the determination of the
characteristic dimensions of an ILER ensuring reproduction
of the beam along the X axis can be made using geometric
optics. This is justified by the fact that the waveguide thickness is dx < Aa.
We shall employ these assumptions in finding the geometric parameters of an ILER ensuring reproduction of the
dimensions of the beam Wx after passing through the external resonator. Then, in an analysis of the propagation of the
705
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(2)

In the course of propagation of a Gaussian beam
through an optical system this complex parameter varies in
accordance with the relationship

where A, B, C, and D are the elements of the same matrix
(M). If we assume that B = 0, we obtain

Since in this plane the size of the beam should also be
self-reproduced after passing through the resonator, it follows that W2 — W, and D = A. Since AD = 1, we find that
A = D = m = +1. Later, we shall assume the definition
C=P. Therefore, in the case of an external resonator ensuring self-reproduction of the beam dimensions after one trip
through the resonator, we have (M) = (p° ), and the relationship (5) assumes the following form for the YZ plane:

]/q 2 = I/R\ + iK/nWl-\-P/m = l/R'2JriK/nWl.

(6)

We shall give the values of m and P for the most widely
used external resonators shown in Fig. 1. In the case of an
external resonator of type I we have m = — 1,
P= 2(L — 2/)//2, whereas for type II we have m = 1,
P = 2 ( L - 2 / ) / / 2 , for type III we have m = l,
P=2(L- 2/)// 2 - 2(L - 2/)2/p/2, and for type IV we
find that m=l,P=2(L- 2f- 2F )/2, where/and F are
the focal lengths of the matching objetives, and/3 is the radius of curvature of the external mirror; J

m

IT

FIG. 1. Different ways of matching an injection laser to an external resonator.
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It is clear from Eq. (6) that the wavefront curvature
changes by mP in one round trip through the external resonator, and this defines the physical meaning of the parameter P. IfP = 0, a Gaussian beam returns to the active region
without distortion.6 At first sight it might seem that the
losses and the threshold current should be minimal for a
resonator with the curvature parameter P = 0. However, the
mismatch between the wavefronts of the mode emitted by
the active waveguide and of the wave returning from the
external reflector may be accompanied by an increase in the
amplification efficiency if we allow for the spatial distribution of the gain, which should affect the change in the threshold current.
In determination of the lasing threshold of an ILER
within the framework of this model we have to replace an
antireflection-coated face of a semiconductor crystal with a
mirror characterized by a reflection coefficient r = 72//, and
by a curvature P, = P/nm in the YZ plane. Here, /, is the
power of the radiation emitted by the laser in the direction of
the external resonator and /2 is the power returned to the
active medium.
We shall now report estimates for lasers in which the
field is confined to the p-n junction plane by the waveguide
amplification effect and we shall assume that the gain profile
is parabolic:

where g() is the gain amplitude on the waveguide axis and a
represents the distributed losses.
In an active waveguide with the parameters defined by
Eq. (7) a Gaussian beam with the complex parameter q,
changes during the propagation along the Z axis in accordance with the law:''
J_
<7(z)

i — qm) exp [2(t-

(8)

Here, qm is a complex parameter of a steady-state beam established in a waveguide characterized by the parameters

If we assume that the steady-state current is little disturbed
by return of the radiation from the external resonator (this
can be expressed in the form of condition \q(0) —qm)/
(q(0) + qm)\^l), it is found that Eq. (8) yields

sions for the field (1) and the gain (7), and separating the
variables, we find that direct integration yields

(13)

)-

If Rm < /, where / is the length of the active medium, it
follows that the gain achieved in a round trip through the
resonator is
G=

2a - 1 /Rm - RmP/8lmn).

(14)

If we use the threshold condition r0r exp G = 1, where r0 is
the reflection coefficient of the injection laser mirror, and
the relationship g0 = /? ( j — j0 ) , where /? is the gain factor, j
is the current density, andy'0 is the current density at which
resonant absorption vanishes, we can obtain an expression
for the threshold current density (/<xy lh ):
1
In (/v)
+ RmP/8lnm.

l/Rm
(15)

The first three terms, typical of any resonator, are the components of the pump current density necessary to achieve the
population inversion threshold and for the compensation of
the internal and external losses, respectively. The term I/
Rm represents the usual diffraction losses. The last term,
proportional to the curvature parameter P/m, reflects the
dependence of the threshold current on the external resonator length. The data given above for m and /"show that if the
condition L >/satisfied in our experiments is assumed, then
P oc L for type I and II resonators. Therefore, in the case of an
ILER of type l(P/m < 0) the threshold current should decrease on increase in L, whereas for a type 1 1 laser ( P /m > 0 )
it should increase.
2. EXPERIMENTAL RESULTS AND DISCUSSION

We used the apparatus shown schematically in Fig. 2.
The active region of a laser was matched to an external mirror by a microobjective with a numerical aperture of 0.65
and a focal length of/= 6.2 mm. This microobjective was
supported by a piezoelectric ceramic plate, which made it
possible to vary continuously the position of this objective
within 5Qfj,m. The output radiation was directed to a photodiode in order to record the watt-ampere characteristic of
the laser, to a diffraction grating 6, and a television monitor
7, which was used to display the emission spectrum; it was
also directed to a slit with a photodiode in order to determine
the distributions of the radiation in the far- and near-field
zones.

It follows from the above relationships that the beam halfwidth W y ( z ) and the radius of curvature of the wavefront
Ry(z) exhibit damped oscillations approaching the values
Wm and Rm typical of a waveguide at a distance Az~/? m .
If the results are averaged in the XY plane along the Z
axis of the active region, the effective power gain is
(12)
x, y, z)\2dxdy

where E(x,y,z) is the field at the point x,y,z; 2g'(x,y,z) is the
local gain at this point. Substituting in Eq. (12) the expres706
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FIG. 2. Experimental setup: 1) injection laser; 2) matching objective; 3)
external mirror; 4) objective; 5) photodiode; 6) diffraction grating; 7)
television monitor; 8) photodiode with a slit stop; 9) semitransparent
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Figure 1 shows different types of external resonators.
The method of organization of the coupling to an external
mirror allows us to divide them into two groups: external
resonators with "parallel" (types I and IV) and "converging" (types II and III) beams reaching the external mirror.
The most widely used matching geometry employs the parallel beam configuration and it is convenient when FabryPerot interferometers and diffraction gratings are used as
the selective elements. The configuration with a converging
beam is less sensitive to angular misalignment of the external
mirror than the configuration with a parallel beam. Type IV
lasers combine the advantages of both resonator groups, but
two high-quality objectives have to be used. We limited our
analysis to two most widely used external resonators of type
I and II.
When a parallel beam was used a microobjective in an
external resonator was aligned so that the beam dimensions
changed as little as possible during propagation and this was
followed by placing of the other components of the external
resonator. Light was reflected by this resonator back to the
active region of the laser and a piezoelectric ceramic support
was used to set the microobjective at the position ensuring
the optimal coupling. The next stage was determination of
the dependence of the threshold current on the external resonator length for a fixed position of the microobjective.
We selected the optimal position of the microobjective
for each value of L when working with a converging beam.
The threshold current was deduced from a kink in the wattampere characteristic. For our ILER the kink was sharp and
the error in the determination of the threshold current did
not exceed 1%. In the case of a laser without an external
resonator, the watt-ampere characteristic was smooth and
the face of the crystal was not antireflection-coated, so that
the threshold could be determined only to within 5%. However, this error (in the determination of the laser threshold
in the absence of an external resonator) shifted the dependences without altering their nature. The temperature dependence of the threshold current was ignored (because of
reduction in the losses).
The distortions of the field in the waveguide plane because of the self-focusing effect 12 were avoided by recording
the spatial characteristics of the radiation at a constant and
fairly low radiation power (when the threshold was exceeded by no more than 10%).
We investigated the following types of AlGaAs
(A 0 = 0.78-0.88 //m) lasers, operating continuously at
room temperature: the simplest stripe double heterostructure lasers with a shallow mesa structure and separate optical and electron confinement. The main results were obtained for lasers without lateral confinement. Use was made
of lasers with a near-Gaussian field distribution. Samples
with the output radiation divergence independent of external feedback were selected. Therefore, we monitored that the
condition />/?,„ was satisfied, i.e., that the spatial oscillations of the beam emerging from the external resonator were
damped out within the active region of the investigated samples.
Figure 3 shows the dependence of the ratio of the
threshold current obtained for a Iser without an external
resonator to the threshold current of an ILER (/<//ER ) for
type I and II resonators. Clearly, for a type I resonator the
value of / ER decreased on increase in L, whereas for a type II
707
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FIG. 3. Dependence of the ratio x = /„//, „ of the threshold currents of a
laser without an external resonator (coupling) and with an external resonator on the length of this resonator L, obtained for injection lasers of
types I (a) and II ( b ) : * ) , V ) , A ) lasers with a shallow mesa structure; O)
double-heterostructure laser with a stripe contact.

resonator it increased. Figure 3 gives the results only for four
lasers, but the experiments were carried out on a large number of lasers (in excess of 40). It should be stressed that the
detailed behavior of these curves differed greatly from one
laser to another (for example, in the case of stripe-contact
lasers the scatter of the curves was as large as in the case of
mesa stripe lasers): there was no regular dependence of the
derivative of these curves (with respect to the length) on the
resonator length. The only common property was an increase in the threshold current in the former case and a fall in
the latter. Therefore, the nature of the dependences was in
agreement with the results of the above analysis. The scatter
of the curves in Fig. 3 was clearly associated with the different internal losses and different dimensions of the active region of a specific laser.
These results were true not only of the threshold, but
also of other characteristics of these lasers. When the pump
current exceeded slightly the threshold, so that the strong
nonlinearities of the watt-ampere characteristics were not
yet manifested, a change in the power at a fixed value of the
current above the threshold represented a change in the coupling efficiency, also plotted in Fig. 3. For example, for a
type I laser an increase in L in the range from 10 cm to 1.5m
increased the output radiation power by 5-15%.
A variant in which the function of an external mirror is
poerformed by a selective element (diffraction grating or
holographic selector) is of considerable practical interest in
spectroscopy and metrology. Figure 4 shows the dependences of the reduced threshold current on the length of the
external resonator in the case of a stripe double-heterostructure laser obtained for different alignments of the diffraction
grating. In one case the laser was tuned to the center of the
gain profile and in the other two cases it was tuned to the
wings of the line at points separated by + 2 nm from the
center. Clearly, the slopes of the curves decreased on increase in the tuning frequency of the selective element.
We shall now consider and analyze the results obtained
using a diffraction grating as an external reflector and we
shall do this on the basis of Eq. (15). Figure 5a gives the
qualitative frequency dependences of the gain for various
nonequilibrium carrier densities. Assuming that the nonequilibrium carrier density profile in the active region along
the Yaxis was parabolic (Fig. 5b), we found the distribution
of the gain in the active medium at three lasing frequencies
(corresponding to three positions of the diffraction grating),
shown in Fig. 5c. It is clear from this figure that the effective
width of the active region of the laser was always less in the
VelichanskiTefa/.
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FIG. 6. Dependence x (L) for an injection laser with a shallow mesa structure before (1) and after (2) antireflection coating.
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FIG. 4. Dependence x(L) obtained using a plane diffraction grating as a
mirror. The continuous curve represents the emission of radiation in the
long-wavelength wing of the gain profile; the dashed curve represents
lasing in the short-wavelength wing; the chain curve represents lasing at
the center of the gain profile.

short-wavelength part of the gain profile. When the diffraction grating was tuned to wavelengths longer than the center
of the gain profile, the effective width of the active region of
the laser increased. This increase should increase the slope of
the dependences of the threshold current on L [because
Rm a Wm in Eq. (15)—see also Eq. (9)], as was indeed
observed experimentally. Naturally, when the diffraction
grating was detuned away from the center of the gain profile,
there was a change not only in the slope of the dependence of
x on L, but also in the gain itself.
The most restrictive assumption in the above model of
an ILER is that the surface of the laser facing the external
resonator is totally antireflection-coated. However, in our

FIG. 5. a) Spectral contour of the gain g plotted for different carrier
densities n in the middle of an active waveguide of a laser (y = 0,
n, < « , < « , ) . b) Distribution of the carrier density in the plane of the
waveguide, c) Distributions of the gain in the plane of the waveguide, for a
fixed pump current in an injection laser with an external resonator, at the
center of the gain profile (v 2 ), and in the long-wavelength ( v , ) and shortwavelength (v,) wings.
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experiments we investigated lasers which were completely
or partly free of antireflection coatings. A detailed analysis
carried out allowing for the interference between the wave
emitted by the laser and that returning from the external
resonator would be quite difficult. We therefore investigated
the influence of an antireflection coating on the dependence
of the threshold current on the external resonator length in
the following experiment. We recorded the dependence of
the threshold current on the external resonator length for
several double-heterostructure lasers with a shallow mesa
structure. These lasers were then antireflection-coated and
the dependences were recorded again (Fig. 6). We found
that the dependence of the threshold current on the external
resonator length was strongest for antireflection-coated lasers. The value of K varied within wider limits: from 1.03 to
1.3 (before antireflection coating, the range was 1.1-1.2).
As expected, the reflection of light from the surface of the
laser facing the external resonator weakened the influence of
the external mirror. In fact, an increase in the reflection coefficient of an intermediate mirror reduced the relative change
in the losses due to a change in L. In spite of this, the dependence K (L) remained the same.
We also studied lasers with partial lateral confinement.
For the majority of them the slopes of the dependences x (L)
were less than for lasers without such confinements, but in
some cases there were no regular dependences. Clearly, this
was due to the fact that the attenuation length of the returned wave in the active region with lateral confinement
was considerably longer than the period of oscillations of its
constriction. Therefore, an increase in the effective gain on
compression of the field toward the axis of the stripe, where
the gain was higher, and its reduction during the subsequent
penetration of the field into the regions where the absorption
predominated, balanced each other out in averaging over the
resonator length.
A study of the emission spectra of ILERs showed that
the use of a nonselective type II external resonator sometimes widened the range of single-frequency emission (particularly when the external resonator was short). 6
It should be pointed out that the curvature of the field
wavefront in the active region of the laser could be modified
also by other methods. In the experiments reported in Refs. 8
and 9 one of the resonator mirrors was made cylindrical
(with the center of curature outside the active region), so
that the laser resonator became unstable. This resulted in the
emission of a single longitudinal mode. A theoretical analysis of a laser with curved mirrors was made in Ref. 10. The
exact solutions of the wave equations were obtained, but
only lasers with lateral confinement were considered.
Velichanskirefa/.
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CONCLUSIONS

We investigated experimentally and theoretically the
influence of the geometry of an external resonator on the
efficiency of matching to stripe injection lasers. We found
that the threshold current and the output radiation power
depended on the length of the external resonator and the
slopes of these dependences (positive or negative) were determined by the matching configuration. These relationships were manifested even more strongly by antireflectioncoated lasers. A change in the slope of the dependences on
the spectral tuning of a dispersive element was observed for
selective injection lasers with an external resonator. These
results were explained by a change in the curvature of the
radiation wavefront during one round trip through the external resonator.
In the case of stripe lasers in which the field is gainconfined, the lasing threshold could be reduced and the efficiency of the external coupling could be imporved by using
external resonators characterized by P /m < 0.
The authors are grateful to A. P. Bogatov for valuable
discussions.
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Formation of an adaptive-mirror reflecting surface conjugate to wavefront
distortions
V.V. Apollonov, E. A. Ivanova.A. M. Prokhorov, and S. A. Chetkin
Institute of General Physics, Academy of Sciences of the USSR, Moscow

(Submitted April 13,1989)
Kvantovaya Elektron. (Moscow) 17,786-792 (June 1990)
Experimental and theoretical investigations are reported of the response function of a deformable
adaptive mirror. The operation of this mirror is described using a model of a thin plate. A
numerical modeling is made of the formation, by this adaptive mirror, of surfaces conjugate to
primary wavefront aberrations.
Synthesis of a reflecting surface conjugate to wavefront
aberrations by controlled elastic deformation of a substrate
at a finite number of points can be used to correct phase
distortions of coherent radiation fluxes. This method is simple to apply and it is used widely in the construction of precision adaptive optical systems for lasers and astronomical
telescopes.
Mirror-type phase correctors (adaptive mirrors) already constructed have aperture diameters ranging from a
few centimeters' to a meter2 and the number of control channels (i.e., the number of actuators) varies from a few3-4 to
several hundred.5 Investigations of adaptive mirrors as components of optical systems have shown that they provide a
universal and highly effective method for ensuring formation of aberration-free coherent radiation fluxes. However,
the problem of precision of formation by an adaptive mirror
of a reflecting surface conjugate to various wavefront aberrations has not yet been solved in a manner satisfactory for
practical applications.6"9
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Any phase-conjugate surface of an adaptive mirror can
be represented by a superposition of its response functions.
Consequently, it is necessary to establish physically sound
model ideas on the formation of the response functions when
an adaptive miror is subjected to the action of one actuator,
which would describe satisfactorily the characteristics of deformation of the adaptive mirror substrate by a strictive actuator and which could be interpreted in a rigorous analytic
manner.
We shall report experimental and theoretical investigations of the response functions of an adaptive mirror in the
form of a thin plate clamped at the perimeter and supported
at a finite number of points by elastic actuators, and we shall
propose a physical model of this mirror which will be then
used in a numerical simulation of the formation of an adaptive mirror surface conjugate to wavefront aberrations.
In an experimental investigation we used an adaptive
mirror with five actuators (Fig. 1) made of a polarized piezoelectric ceramic of the PKR-6 type. The piezomechanical
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