semi-insulating InP substrates with SC mirrors having
threshold currents and quantum efficiencies comparable to
those with conventionally cleaved mirrors. Finally, since the
SC technique uses the conventional cleaving procedures, it is
well suited for mass production.

We would like to thank A. Savage for his help in the
contact metallization procedure.
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Coherence and focusing properties of unstable resonator serniconductor

lasers
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The emission characteristics of unstable resonator semiconductor lasers were measured. The
output of an 80-um-wide laser consists of a diverging beam with a virtual source 5 ym wide
located 50 um behind the laser facet. A high degree of spatial coherence of the laser output was
measured, indicating single lateral mode operation for currents /537, .

In semiconductor lasers, the resonant cavity is general-
ly formed by two flat, parallel (cleaved) mirrors {a Fabry-
Perot cavity). Such a resonator lies on the boundary between
the stable and unstable regions of the stability diagram of
optical resonators." However, the high single-pass-gain
characteristic of semiconductor lasers suggests that an un-
stable resonator (UR) cavity may be advantageous, since this
cavity provides a large mode volume and a substantial dis-
crimination against higher order lateral modes.” Further-
more, the self-focusing behavior of lasing filaments can be
counterbalanced by the magnifying effect of the cavity, mak-
ing it possible to obtain higher optical output powers.

Preliminary experiments with semiconductor lasers, in
which one mirror was cleaved and the other mirror was con-
vex, have been reported.’* Recently, we demonstrated the
operation of GaAlAs-GaAs lasers with two convex mirror
surfaces with no planar feedback in any part of the cavity.’
By measuring the near field distribution of these lasers, we
showed that the filamentation problems were overcome.
Furthermore, high output power (0.35 W) in a stable highly
coherent lateral mode and relatively high external quantum
efficiency 7, = 0.22 were demonstrated in these devices.’

In this letter, we report on additional measurements
aimed at showing that the UR semiconductor laser radiation
consists of a diverging, single lateral mode that can, in prin-

*Visiting Associate at Cal Tech from Bell Communications Research,
Murray Hill, New Jersey 07974.
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ciple, be focused into a spot of S5 um in diameter. The UR
laser is shown {drawn to scale) in Fig. 1(b). The symmetric
unstable resonator is defined by etched facets with a radius of
curvature of R = 240 gm and at alengthof L =250 umona
double heterostructure GaAs-GaAlAs wafer. The gain re-
gion is defined by a metal contact whose width is
W = 80um.’

Since the output beam of the UR laser is expected to be
highly astigmatic, we investigated the minimum spatial ex-
tension of the beam in the principal planes. In the plane per-
pendicular to the p-n junction, the beam waist is at the facet,
whereas in the plane of the junction, the light appears to
originate at a virtual source located deep behind the laser
facet. This implies that the waveguiding effects determine
the beam characteristics in the direction perpendicular to
the p-n junction, whereas the cylindrical UR governs the
beam characteristics in the plane of the junction.

The depth of this virtual source (S’ in Fig. 1) was mea-
sured with the aid of a microscope objective, and a value of
S’ = 50 + 5 um was obtained. The intensity distribution of
this virtual source in the plane of the p-n junction was stud-
ied as a function of injection current, and a dramatic narrow-
ing was observed when the injection current was increased
from threshold (/) at I~700 mA to 3/, (Fig. 2). At 3/,
the measured width of this virtual source FWHM) was 5 um
with negligible intensity in the wings.

These results can be explained with the aid of the fol-
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FIG. 1. (a) Schematic of the layer structure. (b) Top view of the laser with
geometrical-ray description of the UR semiconductor laser. Radiation ema-
nating from a virtual source at point O is refracted through the output mir-
ror, resulting in a virtual source of the output beam at point O'. Shown also
is the spherical aberration at 0.

lowing simple model: The light inside the UR that propa-
gates toward the output-coupling mirror (Fig. 1) can be de-
scribed in the geometrical optics approximation as a
spherical wave originating at a point O, whose distance from
the exit facet? is

S={[RL/2+(L/2}"?+ L /2=1339um,
where R is the magnitude of the radius. After refraction at

the cylindrical surface, we obtain for the depth of the virtual
source point in the small angle approximation,®
S'=[(n—1)/R+n/S1"'=48 um,

where the index or refraction of the laser medium is n = 3.5.
This result is in very good agreement with the measured
value. The apparent sharpening of the intensity distribution
with increasing injection current at the virtual source plane
is expected from the fact that below threshold, the light out-
put is due mainly to spontaneous emission and amplified

1

Spum
(a) l

(b)

(c)

{d)

- B m =

FIG. 2. Normalized intensity profiles at the virtual source plane as a func-
tion of injection current I. (a) J =3[ ,,; (b) [=1.91,,; (c} /= 1.4, ; (d)
I~I,.
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FIG. 3. Double slit interference experiment. (a) Schematic of the optical
layout; L =UR laser; O = microscope objection; D == double slit;
M M, = plane mirrors; ¥ = vidicon camera. (b) Photograph of interfer-
ence pattern. (c} Intensity trace of interference pattern.

spontaneous emission, which is not influenced by the resona-
tor feedback. At higher currents, the feedback effect domi-
nates and the laser output exhibits the mode properties of the
unstable resonator. It should be noted that the FWHM of
the virtual source in the lasers reported here is affected by a
strong spherical aberration. A sharper image may be ob-
tained from an aspherical output coupler.

The lateral mode characteristics of the UR laser can be
studied by measuring the spatial degree of coherence of the
output beam as a function of Jateral position. n the muliti-
mode case, high spatial coherence is expected only between
two points corresponding to comparable intensities of the
same lateral mode, whereas two points whose intensities cor-
respond to different modes wif} exhibit a low degree of spa-
tial coherence. Spatial coherence between two points can be
measured by observing the fringe visibility function (FVF}in
an interference pattern produced by the radiation transmit-
ted through two narrow siits at these points { Young’s double
stit experiment). By scanning the slits across the near field of
the laser, the coherence function between any two points on
the laser output facet can be obtained.

In our experiment (Fig. 3), the laser near field was
imaged and magnified to the plane D, which contained the
double slit screen. The slit separations and their positions
refative to the laser near field could be varied. The beam
exiting from each slit was nearly diffraction limited. Due to
the angular separation between these two beams, additional
mirrors were required in order to produce two overlapping
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(and interfering) beams, as shown in Fig. 3(a). A high degree
of spatial coherence was observed over the entire spatial ex-
tent of the laser output, without dependence on lateral posi-
tion. Figures 3(b) and 3(c) are examples of the interference
patterns recorded with a FVF of ~0.6. When the injection
current was increased over 3/ ;,, the fringe visibility function
decreased, presumably indicating the onset of higher order
modes. Similar measurements with broad area lasers with
cleaved facets (Fabry-Perot cavity), fabricated from the
same wafer, showed substantially lower visibility of the in-
terference pattern and a spatial degree of coherence varying
with position and injection current. This provides strong evi-
dence that the UR structure results in a single lateral mode at
high injection currents in spite of the very wide {80 um)
width of the laser mode.

In conclusion, we have measured some of the emission
characteristics of UR lasers.” The output beam is highly as-
tigmatic, with a virtual source corresponding to that expect-
ed from the modal analysis of unstable resonators. Single
mode operation was demonstrated by measuring the spatial

degree of coherence of the laser output. If the highly astig-
matic beam is corrected by appropriate external optics, the
focusing capability of these lasers may lead to power densi-
ties in a single mode higher than that emitted by any other
semiconductor sources reported until now.
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Office of Scientific Research and the Office of Naval Re-
search. J.S., R.L. and M.M. would like to acknowledge the
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al Science Foundation, and the German National Scholar-
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Appreciable enhancement in output and power efficiency for compact Ar I1 lasers (488.0 nm) is
obtained by applying a transverse magnetic flux density at approximately 700 G. The

enhancement factor amounts to as large as 3 in laser output and the efficiency becomes more than
twice as much as without magnetic flux. A sharp rise in output occurs above the critical magnetic
flux density, 450 G in the present work, where the cyclotron radius of electrons is nearly equal to

one-half of the tube radius.

There is a wide range of industrial as well as scientific
demand for blue and green coherent light sources with small
drive power levels, such as in laser printing, peripherals of
data processing machines, chemical and biological material
analysis. At present, compact Ar Il lasers are almost the
only choice which satisfies the requirements for cw output
on approximately several tens of milliwatt levels with electri-
cal power supplies smaller than 1 kW. If it is desired to
achieve a still more compact device which operates at a
milliwatt output power level with a power supply well below
the kilowatt level, the major difficulty is the decreasing con-
version efficiency for decreasing the operating power levels,
compared with Watt-class Ar II lasers.

This letter presents an appreciable enhancement in out-
put power for compact Ar lasers (488.0 nm) achieved by
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applying approximately 700 G of transverse magnetic flux
density. The enhancement factor becomes as large as 3. The
characteristics and physical mechanism for the observed ef-
fect are found to be completely different from the longitudi-
nal magnetic field effect.’

The laser tubes under investigation are a slight modifi-
cation of the compact argon ion lasers, Toshiba LAI-106,
which have a capillary section 1 mm in diameter, 36 mm in
length, and 1.0 Torr gas filling pressure.

Figure 1{a) shows the light output versus magnetic flux
density plot with the discharge current level as the param-
eter for a linearly polarized laser with external mirrors. A
sharp output power rise occurs at above 450 G, which is
hereafter called the critical magnetic flux density. In Fig.
1(b), the tube voltage is plotted as a function of magnetic flux
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