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INTRODUCTION
SOLID STATE AND SEMICONDUCTOR LASERS : - dth and oh ]
he spectra inewidth and phase noise characteristics o
PHYSICS AND DEVICES single-frequency semiconductor diode lasers have become quite im-
portant for application to such areas as frequency standards, fiber

optical sensors, laser gyros, and optical communications. This
A. MOORADIAN work describes the spectral broadening mechanisms which have been
MIT LINCOLN LABORATORY observed for monolithic (GaAl)As and lead-salt diode lasers as well
USA as the spectral characteristics of external-cavity controlled

(GaAl)As diode lasers.
LINEWIDTH BROADENENG MECHANISMS

Power Dependent Broadening

Many of the fundamental broadening mechanisms for a semiconduc-
tor laser can be conveniently described with the help of Fig. 1.
The laser field ampliitude is represented in the complex plane by

£ =1l exp (ig) (1}

where [ and ¢ are the time dependent intensity and phase of the laser
field, and C is a dimensional constant. When a spontanecus emission
photon is radiated into the mode of the laser field, it adds as a
small vector with a random phase 84 to produce a new field intensity
[ + Al with a phase change of A¢. Because these spontaneous emission
events are random, the phase ¢ executes Brownian motion and has a
Gaussian probability distribution. Laxl has performed a very exten-
sive anzlysis of noise in laser oscillators and has shown that the
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autoncorrelation function of a laser field can be written approxi-
mately as

CE(L)*E(0)> = E(0) Zexp(- <ap?>/2)exp{iut) (2)

where
8¢ = #(t)-4(0) {3)

and w is the laser anqular frequency. Egquation (2) has neqlected
amptitude flucuations. The power spectrum is then abtained by taking
the Fourier transfoem of the autocorrelation function. The laser
linewidth originally described by the Schawlow-Townes theory2 in
which only the quantum phase fluctuations were considered produced

an expression for the linewidth given by

2r = (mhelc2/Pc)ngp . (4)

where 2T is the Full width at half-maximum of the laser line at fre-
quency v, Po is the intracavity power emitted by the stimulated
emission, and I is the passive resonator linewidth given by

r. = c{8L-2nR)/2ZnnlL . (%)

where n is an effective refractive index including dispersion, B is
the mode loss coefficient, L is the cavity tength, ng, 15 a popu-
lation factor described below, and R is the facet ref?ectivity.
Equation {4) applies to the case where the driving noise source,
spontaneous emission, is homogeneous and band limited., The factor
ngp in Eq. (4) is the ratio of spontanecus emission rate per mode
to the stimulated emission rate per laser photon and for a semicon-
ductor laser ts given by

fe(Eg) [1-Fy(E)) ] "
n = - »
¥ FelEa)-FulE))

where f.(Es) and f,(E}) are the occupancy factors for the
upper and lower laser levels, respectively. Equation {6) becomes
for Fermi or Maxwellian statistics

nsp = (l-expl{hwbpy-Epc)kTHL L (7)

where Epe and Epy are the conduction-band and valence-hand quasi-
Fermi levels, k is Bolzmann's constant, and T is the temperature, In
most lasers ngp fs nearly unity because for four-Tevel devices the
terminal state is usually empty. For semiconductor lasers with non-
degenerate carrier distribution functions ng, is greater than unity
at room temperature. For SGaAI)As dicde lasers, {hv+Epy-Epc) =

15 meV at room temperature- and ngy is about 2.3, approaching

unity at 77 K, This spontaneous emission factor can be physically

understood by noting that a finite terminal state population can
cause absorption of laser photons which in turn will produce more
spontaneous photons to be radiated into the laser mode with random
phase.

The Schawlow-Townes description of laser linewidth has heen shown
to be inadequate to describe the results of measurements for {GaAl)As
diode lasers. An additional broadening mechanism which was consid-
ered but neglected as sizable effect b¥ Lax!+% and Haugq and Hakenb
has been reexamined recently by Henry,/ and later by Vahala and
Yariv.® This additional broadening mechanism can be understood by
again referring to Fig. 1. In addition to the usual broadening caused
by phase fluctuations arising from spontaneous emission events, there
is an additional contribution to the line broadening which comes from
a phase change associated with the laser fiald intensity change in-
duced by spontaneous emission. The carrier density and hence gain
will fluctuate to restore the laser field amplitude to the steady-
state value. The change in the dgain or imaginary part of the refrac-
tive index arising from this carrier density change is dccompanied by
a change in the real part of the refractive index, The time it takes
to restore equilibrium is the relaxation time of about one ranosecont,
and this is long enough for an observable broadening of the laser
linewidth to occur, This additional broadenin9 mechanism madifies
the original Schawlow-Townes linewidth to give .8

2T = (ahrc2/PIngp {14a?) . (8)

where a is the ratio of change in the real part of refractive tndex

to the change in the imaginary part of refractive index due tao spon-
taneous emission events over the same period of time. The real part
of refractive index change can be related to laser mode shifts with

change in carrier density using

ang = (n/>)ax , (9)

while the imaginary part of the refractive index change can be re-
Tated to gain changes as a function of carrier density using

any = -{c/2uw)Aqg . {10}

Al1 of the abave cantributions te laser linewidth can he seen to be
inversely dependent upon laser power from Fig, 1 since the amplitude
of the spontaneous emission photons remains fixed as the laser inten-
sity grows. This additional line broadening mecthism is similar to
the problem of a detuned gas laser treated by Lax »5 where the cav-
ity resonance and the optical transition frequencies do not coincide.
Haug and Haken® also discussed a l+a contributien to the laser
linewidth but 1ike Lax did not consider it as significant.

The linewidth problem has been discu?aed in various ways includ-
ing the Van der Pol oscillator mode!ls?:10 in wnich the frequency
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Fig. 1. Representation of the laser field in the complex plane with
the proportionality constant in Eg. (1) set equal to one.

width of an LC triode oscillator was expressed as a function of the
circuit parameters. This treatment can be extended® to account for
the additional broadening mechanisms present in (GaAl)As type lasers.
The differential equat{gn describing the response of a noise driven
oscillator is given by

2% 1 3 colp st 2P
W w TR W T N(t} , (11}

where N(t) is driving noise term, w is laser frequency, v, is the
cavity lifetime, and ng is the refractive index which does not in-
tlude contributions from interband transitions. The induced polari-
zation, P, ts given by

P = [x(l) + x(s)EzlE N (12)

where
x(3) = Xr(J) + i Xi (3) - (13)

The real part of }(3) is due to index saturation while the imag-
inary part of is due to gain saturatfon. The results of this
approach are essentially the same as those of Henry,

Phase Noise Sidebands

The spectral lineshape has, until {Tcently, been considered to
be lLorentzian. Qsterwalder and Rickett first reported the obser-
vation of sidebands associated with each longitudinal mode of a multi-
mode {GaAl)As diode Yaser with an intensity of a few percent of the
cen&ra] peak and a frequency ihift of 1-2 GHz., Recently, Daino et
a1.12 and later vahala et al.l3 have made more careful studies of

this effect on single-frequency devices and explained the occurrence
of these sidebands as due to a p?ik in the phase noise spectrum at

the relaxation frequency. Henry'? has presented a comprehensive
theory of these sidebands which is derived from his initial treatment
of the enhanced laser linewidth due to intensity fluctuations.

By referring to Fig. 1 it is easy to see that the perturbed
laser field, [+aAl, will return to its average value | after under-
qoing damped relaxation oscillations. A delayed phase change will
occur during these damped relaxation oscillations. The modulation
of both the intensity and phase will therefore produce sidebands at
the relaxation frequency. These sidebands have been observedl3
to increase in frequency and decrease in amplitude as the power is
increased,

Power lIndependent Broadening
+

An additional line broadening has been observedl3:16 uhich has
not been included in previous treatments and is discussed below.
This is a power-independent contribution to the linewidth which has
been described phenomenclogically as due to refractive index fluctua-
ations resulting from the statistitical fluctyations in the number
of conduction electrons in the small active gafn volumes of (GaAl)As
diode lasers. Typical gain volumes for such lasers are
200 x 2 x 0.2 um,

The frequency of laser oscfllation can be written as
v = (ucrg+vgfc)/(Pc*Pg) [) (14}
where v. is the cavity mode frequency, vy is the gain peak fre-
quency, and T¢ and Tg are the spectral half-widths of the passive
cavity mode and the gain spectrum, respectively., The cavity mode

frequency fluctuations are related to changes in the refractive in-
dex via the phenomenological relation

Sug = (Vc/n)(d“/dN)Ntv &N . (15)
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where 8N is the mean square fluctuation in the number N of the elec-
trons in the gain velume and dn/dN is evaluated at the laser fre-
quency and at N equal to the number of electrons at laser threshold,
N¢o  For most cases of interest, the mean square fluctuation in
electron number is assumed to bhe

BN = My . (16)

The resulting expression for the laser frequency fluctuations is
given by

§v = (vM Ne/n)(dn/ai)y,y [rg/(Tgrre)l . (17)

where M is a made confinement factor which determines the fraction

of the optical cavity frequency affected by index changes and is
given by the ratio of cross-sectional optical mode area to carrier
confinement area. The presence of the laser field will strongly damp
the qain at high power levels and no carrier density flucteations at
frequencies less than the damped refaxation rate should be expected.

Fluctuations in the peak of the gain spectrum center frequency
with electron number can alsoc contribute to the linewidth when the
carrier distribution becomes degenerate at low temperatures. Assur-
ing that the terminal states for the lasing process are empty, the
worst case is given by

v = (2REg/3 /W) [re/(Terrg)]l (13)

where R is a factor which accounts for the effects of band gap re-
normalization and is about 0.6 for {GaAl)As devices. The frequency
change associated with this effect is of the same sign as the effects
of Ea. (17).

An alternative model of the power-independent broadening has
been presented by Vahala and Yarivl? involving electron occupation
filuctuations. This model does not require a change in electron num-
ber but depends upon the thermal fluctuations of electrons of order
kT around the quasi-Fermi surface to produce a refractive index fluc-
tuation at the laser frequency. The expression for the power-
independent linewidth can be calculated using the formulation of
Eq. (2) to get

Z*Hﬂzfnnn_—m-n.___z
HEIN P 2 e YR

* [Te(afe/aEpg )+ Ty (2 /3EFy ) |dn . (19)

where ¥ is the gain volume, A is proportional to the matrix element,
M is the mode confinement factor, D(R) is the reduced density of

states, Ty is the dephasing time, T, and Ty are the intraband
relaxation times, f. and f, are the conduction and valence band
pccupation probabilities, and T is the ahsolute temperature. Many
of the parameters im this model are not determined to a high deqree
of accuracy including the use of the Kane band structure matrix ele-
ment. The intraband scattering times T. and Ty are determined

from mobility measurements on different device structures and may
not he the exact values operative in the semiconductor lasers., In
any event, T. and T, would be expected to increase only slowly

below 80 K resulting in Eq. (19) approaching zerc as the temperature
went Lo zero, This is in contrast with the experimentally meas-
uredl? power independent broadening for TJS and CSP lasers at lig-
uid helium temperature described below.

EXPERIMENTAL RESULTS AND COMPARISON WITH THEORY

Power-Dependent Broadening

The power-dependent linewidth of various types of (GaAl)As
semiconductQE lasers have been measured experimentally and compared
with theory. ¢ Experiments were carried out as a function of power
and temperature on single-freguency channel-substrate planar {CSP)
Hitachi and transverse-junction stripe (TJS) Mitsubishi diode lasers
which operated continuously at room temperature. All devices which
were measured operated with their output in 2 single frequency with
"ink-free" power versus current at all temperatures. An example of
the power versus current curves are shown in Fig. 2 for a Mitsubishi
TJS device. 1In addition, measurements were made with the laser mode
frequency tuned near the center of its tuning range to prevent mode
hopping instabilities which would have a tendency to broaden the
putput line.

The devices were thermally isolated in a Dewar to reduce temper-
ature instabilfties to an insignificant level and to operate at re-
duced temperatures, Precautions were taken to prevent optical feed-
back by optically fsolating the diodes. Injectfon current noise was
also minimized by using a shielded lead-acid battery together with
input filters, Later experiments were carried out with a special
temperature controtler and stable electronic power supply to elimi-
nate long term drift effects.

[nitial lineshape measurements were made using an external cav-
ity, single-frequency {GaAl)As diode laser of ¢ 15 kHz Tinewidth{2?1)
heterodyned with the monolithic diode lasers. The same external cav-
ity device was also used to determine the resolution of a scanning
Fabry-Perot interferometer used for most other measurements. Fre-
quency calibration of these instruments were also made by producing
modulation sidebands on the monolithic devices with a precision fre-
guency oscillator, The measurements produced similar results for all
the devices studied, independent of the fabrication technigue,
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Figure 3 shows the spectrum of a monolithic diode laser heterodyned
With a stable exterpal cavity laser. The lineshape of the monolithic
device was determined to be approximately Lorentzian and the line-
width was equal to that measured by the Fabry-Perot interferometer,

The laser linewidth as a function of reciprocal output power is
shown in Figs, 4a, b and ¢ at temperatures of 273, 195 and 77 K, re-
spectively for a Mitsubishi TJS device, The linewidth is seen to de-
crease linearly with reciprocal cutput power as predicted by Eq. (4).
In addition, there is seen to be a finite intercept which tncreases
as the temperature decreases. This power independent contribution
to the linewidth is attributed to electron number fluctuations de-
scribed by Eq. {17). The Yinewidth versus reciprocal power for a
Hitachi CSP laser is shown in Fig. 5.

T

In order to compare experiment with theory, the linewidth must
be expressed in terms of the experimental parameters to give

2r = (hv/8nPg){c/nL}2(2aR-BL){40R)ng(14a2) (20)

where Py is the single-ended output power. The loss coefficient B
was determined from the slope efficiency for each device measured.
The parameter a was determined from measurements of A&k and 4g with
current. Because of the approximate linearity of Ax and Ag with
electron density for the experimental condition of a near-degenerate
conduction band and a highly degenerate valence band, as is the case
for the devices discussed here, changes of laser mode wavelength and
gain fntegrated over a change in carrier density from zero injection
current to threshold should give a reasonable estimate for o, as only
the ratio of these parameters enters. The spectral shift of the
Fabry-Perot laser mode center frequency as a function of injection
current up to threshold was used to estimate ai., The thermal con-
tribution to the spectral shift is approximately an order of magni-
tude smaller than that due to carrier density variation, in contrast
to lead-salt lasers, and can be neglected in the estimation of an'.
The laser output power versus injection current was used to estimate
the change in gain for a change of carrier density from zero injec-
tion current up to threshold.

-

At 273 K, for example, the calculated change im gain up to
threshold is 133 cm-l and the spectral shift of the laser mode ex-
trapolated from threshold to zero injection current gives an observed
A of -8.1 A, Using Egs. (9) and (10) gives a value of 15.5 for
(lhuz). The inverse power dependence ofthe linewidth is then cal-
culated to be 67.2 MHz mW which compares to the least square fit to
the data of 74.7 MHz mi. Table [ shows the parameters which were
measured and the related theoretical estimates. It is important to
note that parameter values for different devices fabricated the same
way can vary sufficiently to require their determination for each
compartson between experiment and theory. Such variatfons can change )
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Fig. 4. Linewidth of a Mitsubishi TJS diode laser as a function of
the inverse of the singte-ended ocutput power at three tem-
peratures: (a) 273 K, (b) 195 K, and (c) 77 K.

the observed linewidth for a given power level by as much as 10-20
percent. A significantly larger variation between devices made by
different technique can occur as s seen in the comparisen between
Figs, 4 and 5.

Power Independent Broadering

For the power independent contribution to the laser linewidth,
the change of refractive index at Ny with electron number was de-
termined by monitoring the spectral shift of the Fabry-Perot modes
as a function of injectfom current up to laser threshold,. Typical
data are shown in Fig. 6 for the spectral mode shift at 195 K. The
rate of change of refractive index is expected to he linear with
carrier density. The relation_between carrier density and injection
current, however, is parahn]ic22 up to threshold which causes the
parabolic shift of mode frequency with injection current. The pa-
rameter M in €q. (17) ts estimated to be - 0.4 for TJS devices,
and the factor Fy/(Tc+Tg) is approximately unity. Table 1!
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Table I. A summary of measured device data and theoretical esti-
mates of the power-dependent linewidth contribution for

Mitsubishi TJS diode lasers,

77 K 195 K 273 K
A{nm) 803 824 842
Ar(A) -2.6 -6.0 -8.1
Wg(cm1) 8.3 100 133
ngp (calculated) 1.12 1.69 2.12
{1 + B2) 5.1 16.4 15.5
Thegretical estimate of 2IPg {MHz nW) 8.2 43.7 67.2
Experimental observation of 9.28 36.7 74,7

2rh, (MHz )

Table II, A summary of measured device data and theoretical esti-
mates of the power-independent linewidth contribution
for Mitsubishi TJS diode lasers.

77 K 195 K 273 K
A(nm) 803 824 843
I {mA) 1.3 6.3 13,5
Ne 1.7 x 107 8,4 x 107 1.8 x 108
{an/aN)j, v 8.4 x 10-11 2.2 x 10-11 5.2 x 10-12
2lpegry (MHZ) 11.5 6.5 2.2
2exp (MHZ) 8.4 5.2 1.9

13

summarizes the experimental parameters and the comparison between
experiment and theory at three temperatures.
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The contribution to the power independent linewidth due to fluc-
tuations in the peak of the gain spectrum center frequency with elec-
tron number fluctuation becomes significant only at low temperature
and would be no more than a few MHz for temperatures below about
20 K, In addition te the data shown in Tabhle Il, measurements
made at liquid helium temperature (Fin. 7) indicates a power inde-
pendent broadening value of about 30 MHz which is also consistent
with the greatly reduced threshold currents and increased value of
resonant dispersion, This behavior is in agreement with the phe-
nomenological power-independent broadening model! of ref. (16} and
the power-dependent theory of ref. (8). This is 19 apparent con-
trast with the predictions of the Vahala and Yariv'’ theory in
which the tinewidth of Eq. (19) approaches 0 as T + 0. The exact
origin of the fluctuations is not clear. However, it appears that
this broadening may be related to the presence of 1/f noised in
the device.
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It is interesting to note that the power independent contribu-
tion to the laser linewidth is a dominant broadening mechanism at
high output power levels at room temperature and at most power levels
at low temperature. This effect limits the usefulness of these de-
vices for many high resolution applications but it can be overcome
by use of an external cavity as described in the next section, The
implications of this power independent broadening mechanism are most
significant as device structures become even smaller.

Phase Noise Sidebands

The sidebands at the relaxation frequency described above are
shown experimental]y25 in Fig. 8. The magnitude of the frequency
shift has been observed to vary as the sgquare root of the power in
the main laser mode in agreement with the dependence of the relaxa-
tion oscillation frequency with stimulated emission rate. The in-
tensity of these sidebands linearly decrease in magnitude with in-
creasing laser mode intensity.

EXTERNAL CAVITY {GaAl)As LASERS

This section describes the spectral characteristics of {GaAl}As
diode lasers operated in external cavity structures. Use of an ex-
ternal cavity can overcome many of the spectral limitations described
in the preceding sections and provide a device with a very narrow
linewidth and controlled tuning characteristics. A disadvantage of
an external cavity structure is the greater complexity of a hybrid
structure over a monolithic device. With advances in fabrication of
small optical components, this does not turn out to be a significant
disadvantage. In fact, considering the hybrid technology of Fiber
optical connectors and transmission systems in general, the new gen-
eration miniature external cavity devices are guite reasonable.

The CSP and TJS lasers described in the previous sections operate
with nearly all of their output power in a single frequency in con-
trast to earlier generation devices which had a multi-lengitudinal
mode output even when they operated in what appeared to be a single
spatial mode. These early lasers were of the wide stripe design
{i.e., greater than 10 pm junction width} which for a typical cavity
length of 200 to 300 um meant a Fresnel number of greater than one.
The narrow stripe width (- 1-2 um) of the CSP and TJS lasers has
led to single-frequency operation in part because these lasers have
a Fresnel number near unity; however, the actual device fabrication
technique strongly contributes to the mode structure. The subject
of multi-longitudinal mode operation of diode lasers which presumably
operate in a single spattal mode has been discussed but not complete-
1y understoed for some time, Recently, Liu et al.28 have studied
the intensity statistics of diode lasers in which the output occurred
in a predominantly single mode. It was found that a weaker adjacent
longitudinal mode could for a short period of time increase in power

a predominantly single mode. It was found that a weaker adjacent
longitudinal mode could for a short period of time increase in power
to the power of the main mode, whilethat main mode power decreased
in intensity so that the total power remained constant.

Use of an extern 1 cavity to force oscillation in a single fun-
damental spatial mode¢: for a diode laser which would normally op-
erate with many longitudinal modes had the effect of producing a
single-frequency output with nearly all of the double-ended multimode
power of the diode laser before it was operated in the external cav-
ity. Figure % shows a typical multimode output spectrum of a
{GaAl)As diode laser operating continuously at room temperature.
These lasers were antireflectton coated on both ends so that no laser
action would occur at the maximum injection current levels used be-
fore coating. Figure 10 shows the output spectrum from this device
when operated within an external cavity as shown schematically in
Fig. 11, Similar results were repeatedly obtained with several dozen
such Tasers. By use of very wide junction lasers it would be pos-
sible to extract a few hundred milliwatts of continuous output power
at room temperature from one diode laser in a single, stable frequen-
¢y and one or more watts of power at low temperature.

It is important to note that when a normally multimode device is
forced to oscillate in a truly single spatial mode, nearly all of the
multimode output can be extracted in a single frequency. This has
been demonstrated in an external cavity Structure even when operated
withgut a tuning element in the cavity.1? This implies that there
exists neither spectral nor sHEtial hole burning in these lasers.

Spatial hole burning, a common source of muiti-longitudinal mode
operation in many lasers, occurs when the local field intensity of
the standing wave in the laser cavity saturates the local population
inversion. The adjacent cavity mode of next order will not overlap
in the center of the cavity and can be sustained because the popula-
tion inversion is localized. In the case of a semiconductor laser,
the inversion is from mobile carriers and any hole burning will be
washed out due to thermal diffusion., The time for thermal diffusion
over a distance of about one quarter of the wavelength of the stand-
ing wave in the material {several hundred A} is comparable or faster
than the stimulated emission rate.

Spectral hole burning is a second source of multi-longitudinal
mode operation in lasers with inhomogeneous gain broadening. For
interband transitions in materials such as (GaAl)As, most of the
transitions are direct with only removal of the k selection rule
near the band edge for the doping levels (- 1018 ¢m=3) typi-
cally encountered in these devices. At room temperature, phonon
scattering as well as carrier-carrier scattering produce &n intra-
band scattering time on the order of 10-13 sec as determined from
traditional methods. Figure 12 shows the interband laser transition
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Fig. 12. Schematic diagram of the simplified band structure of
(GaAl JAs showing the direct interband laser transition.

while Fig. 13 shows schematically the hole which would be formed in
the electron distribution function and the corresponding effect on
the spontaneous emission emitted from the recombination of carriers
in the gain region. Because of the large hole effective mass, va-
lence band hole burning effects can be neglected, Calculated hole
wiathsl? for an intraband scattering time of 10-12 ang 10-13

are 1.3 _and 13 meV, respectively. Corresponding hole depths are

4 x 10-3 to 4 x 10-5 of the peak of the luminescent intensity at
the laser frequency.

An attempt has been made to measure the hole burning or a
(GaAl)As diode laser?l using an external cavity device. By obsery-
ing the luminescent emission along the axis of the laser it was pos-
sibTe to externally aperture the beam and observe only the emission
coming from the mode valume of the laser where hole burning would be
expected to occur., Figure 14 shows the results of experiments per-
formed on an external cavity device operating witha one milliwatt
output power compared with theoretical calculations of the effects
of a hale burned with a one percent depth., No holes were observed
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Fig. 13. Representation of hole burned into electron distribution
function and corresponding hole as it would appear on the
electron-hole recombination spectrum.

to the sensitivity limit of about 0.5% of the intensity of the lumi-
nescent intensity indicating that %ge intraband scatterinqg time

would bs faster than about 5 x 10- sec according to existing
modets.2l This is consistent with the fact that the external cav-
ity as well as monolithic CSP and TJS type lasers operate in a single
axial mode,

The limitations imposed by the fundamental linewidth broadening
mechanisms described in Section Il can be overcome by the use of an
external cavity. The linewidth will be narrowed by the square of the
ratio of the relative cavity lengths when the unloaded cavity length
is significantly larger than the length of the diode, Fiqure 15
demonstrates the narrow linewidth that can be achievedl® using an
external cavity structure heterodyned together, The observed line-
width of 30 kHz implies that the linewidth for each of the lasers is
less than 15 kHz. This is for the case of two Lorentzian lines. The
expected fundamental linewidth for each of the lasers in this exper-
iment at their output power levels would be about 400 Hz, The meas-
urement limitation was set by the RF spectrum analyzer. With present
technoloqy, it should be possible to construct a small extermal cav-
ity device with a fundamental width of about one hertz and an un-
locked jitter width of a few kilohertz.

The amplitude noise spectrum is shown in Fig. 16 from essen-
tially dc to 2 GHz. Only slight traces of 120 Hz and an external
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(a) Spontaneous emission spectrum from (GaAl)As room tem-
perature external cavity laser with and without feedback.
(b) Spectrum of the ratio of the energy derivatives of

the lasing and nonlasing spectra in {a}.
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Fiqg. 15. Heterodyne beat spectrum between two spectral cavity
{GaAl)As cw diode lasers at 350 nm with autput powers
nf 0.4 and 0,38 md, respectively,

cavity relaxation resgnance at 25-11 MHz can be seen., A smaller
and simpler external cavity structure woul¢ eventually have very
high amplitude and phase stability making it an ideal source for
matrological applications.

External cavity lasers have gone through varigus stages nf evo-
lution and like many other types cof laser devices, they must he in a
reasonahly stable cavity structure in order to examine many of their
interesting phystcal properties, An intermediate desiqn is shown in
Fig. 19 in which a Hitachi (SI" diode laser having both ends antire-
flection coated is inm a stable cavity employing a microscape objec-
tive lenses. Most of this structure is fahricated from Invar for
stability. With the very low (< 0.3%) reflectivity coatings present-
ly possible for (GaAl)As diode lasers, a greatly simplified cavity
design using oniy one microscope obiective Tens with the diode
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Fig. 16. Laser intensity noise spectrum detected in a handwidth of
10 Hz over the frequency range 10 Hz to 100 kHz, 100 Hz
from 100 kHz to 1 MHz, 10 kHz from 1 MHz to 10 MHz, and
100 kHz from 10 MHz to 2 GHz, The spectra are essentially
flat in each frequency interval and are therefore joined
continuously for this complilation, The magaitudes of the
noise peaks must be divided by the corresponding band-
widths for quantitative comparison. The power scale is
normalized to the average mode intensity for a 10-Hz
detection bandwidth. Error bars indicate the average
scatter in the recorded spectra over the component fre-
quency ranges. The peak at 120 Hz is due to power supply
ripple while the peak in the range 25-40 MHz is due to
relaxation oscillations of the external cavity.

antireflection coated on one side and 100% reflectivity coated on the
other side aliows the use of simple, commercially available diode
lasers. Commercially available microscope objective lenses do not
have significant loss at typical (GaAl)As diode laser wavelengths and
can be used in a simple rigid cavity design with a significantly ltarqg-
er volume-to-surface ratio than previous designs. A very compact,
stable, external-cavity device which is also relatively inexpensive
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Fig, 17. Photograph of a stahble external cavity (GaAljAs diode
laser.

can he fabricated for varigus applications in high resolution spec-
troscopy, short-pulse qeneration, and optically pumped frequency
standards.
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ADVANCES IN SOLID STATE LASER
TECHNOLOGY AND APPLICATIONS

A. Mooradian

MIT Lincoln Laboratory

INTRODUCTION

Within the next few years, nearly 70 percent of the entire laser market will be gominated by
semiconductor lasers or laser arrays which will be used to pump other solid state lasers or will
operale with a coherent output from a two dimensional array. Output powers in excess of cre kilowatl
with more than 10 per cent power efiiciency should become commarcially available. These lasers will
provide a major boost for
industrial processing and medical applications. Recent advances in solid state and semiconduclor lasers
are discussad here.

Included is a descriplion of wark on phonen broadened laser devices using the crystal sapphire
doped with titanium, diode pumpad solid state lasers and ultrastable external cavity samiconductor
dicde lasers. Alt of these lasers have become important recently because of their broad range of
tnability, efficiant operation and all sotid state operation which means that compact lasers can be
made for reliable and rugged operation. Worldwide research has shifled in the direction of such
tachnology in the past few years and wilt continue in the future. Many of these lasers are now
cemmarcially available throughout the world.

TITANIUM SAPPHIRE LASER

The titanium doped sapphire laser was first made to operate several years ago and has now
become a commercially available device sofd by a number of companies throughout the world, This
laser is rapidly becoming a reptacement for dye iasers which operate in the near infrated They are
vsuaily pumped by cw argon lasers or frequency doubled Nd:YAG lasers. Figure 1 shows the speciral
properties of Ti:sapphire indicating the broad absorption band in the visible region and the
demonstrated range over which laser action has occurred. This range is from 660 nm 1o nearty 1100
nm. Thae second figure shows a an example of a boule of Ti:sapphire of the type which is now
commarcially available from such companies as Union Carbide or Crystal Systems in the USA. This
matarial in its best form has a broadband residual absorption which accurs in the laser gain region of
fass than one percent of the peak absorption of the main pump band at 500 nm. Figure 2 show a
photograph of two Ti:sapphire crystals which ware grown by a modified Bridgeman tachnique. Lasers
which have been fabricated from Ti:sapphire have been operated in a number of configurations in
vanous laboratories around the world.  Continuously operated devices pumped by an argon ion laser
hava produced over several watts of oulput power at rcom temperalure. Pulsad lasers have operatad
using flashtamps as well as high-energy frequency doubled Nd:YAG laser radiation. In addition, a tigh
rep-rate Q-swilched and frequency doubled Nd YAG laser has been used to generate a single gain



switched spike from a Ti:sapphire laser having a pulse width of 30-100 ns and a peak powsr of several
kiowatts.  In addition 10 the various pumping schemes, the Ti:sapphire laser has been operated in a
single frequency as a ring laser. The characteristics of this laser are single fraquency unidirectional
output with a linewidth of less than 30 kHz. Most of thase Ti:sapphire laser configurations are now
commercially available,

OTHER SOLID STATE LASERS

Many sold state lasers have been developed over the past twenly years and a recent
resurgenca of interest has occurred in the past several years which has resulted in major advances in
solid state laser technology. Listed below are several of these new laser materials with some of their
ralevent laser properties,

MATERIAL CHARACTERISTICS
Garnels Efficient enargy tansfer
GS8GG,GGG Doped with from Cr to Nd. Also Cr

Nd, Cr atc. transitions are broad

Fluorides daped with RAroadband tunable
transition matal ions 1-25 pm
such as Ni, Co, etc. region

Sioichiometric compounds
such as Nd pentaphosphate

High density of Nd with
full spactral properties

Titanium doped sapphire and Tunable near IR and
similar struclures visible laseis

Color centers in numerous Tunable irom visiole
host crystals out to 4 pm

As one example of the demonstraled operaling characteristics of a tunabie solid state luser in
the Cobalt doped Magnesium Fluoride laser. This laser has been pumped by a 1.3 um output from a
Nd:YAG laser and the propaities ara lisled below,

TUNING RANGE 1.55 - 2.4 pm
OUTPUT POWER > 5WCW
OUTPUT ENERGY
Pulsed > 200 my
Q - swilched > 100 mj in one ps
MODE - LOCKED
Pulse width 20 - 70 ps
Average power >2W

OPERATING TEMPERATURE TYPICALLY 77 K
300 K Pulsed

The coball doped magnesium fluoride laser is now commercialiy availble.

EXTERNAL CAVITY DIODE LASERS

Monglithic diode lasers which operale without an external cavity have spectral linewidths thal
are typically 30 MHz at output power lavels of about 10 mW. Such spectral finewidths are not useful
for a wide range of applications such as radar, optical heterodyne communications and high resolution
spectroscopy. The source of the spectral broadening in these semiconductor dicde lasers is
fundamental and quantum in nature and arises from the spontanecus emission noise within the laser.
This spontaneous emission noise causes the phase of the elsctric field vecior of the radiation to
fluctuate which in turn lsads to a spectral broadening. in addilion, damped relaxation oscillaions which
come about when the field amplitude is also pariurbed by the spontaneous emission noisa causes
sidebands 10 occur which are typically 1-2 GHz away from tha main peak, When such devices are
placed into high Q external cavities, the linewidthe are significantly reduced. Figure 3 show a pholo of
an ullrastable exiernal cavity dioe laser. Linewidths of less than 400 Hz have been produced in such
lasers. Figure 4 shows the spectral output of a singlte mode monalithic GaAiAs diode laser taken using «
Fabry-Perot interferometer. A spectral widith of about 30 MHz is $een togsther with the relaxation
sidebands. The trace on the right is a haterodyne beat signal between two rée-funning external
cavity lasers shown on a logarithmic scale using diode lasers which are nearly identical in conslruclion
1o those for the left hand side of the figure. The linewidth in this case is only a few kHz. Figure 5
shows the heterodyne beat signal on a linear scale for a fast scan of 30 ms and for a slow scan of 60 s
This demonstrales the various components which contribute 10 the fraquency fluctuation spectrum of
these stable external cavity lasers. The short term and long term fluctuations are on the order of
several kHz and are starting to approach the fundamental KT noise of the resonator structure which aru
driven by phonon moades in the resonator material. This is a fundamental limit and can only be
overcome by operating at a lower lemperalure or by locking the laser to some stable fraquency
reference. To demonstrate the ability 10 frequency stabilize these devices, an experimen! was carried
out in which one laser was frequency locked to another ane which was free-running. The rasuiting
heterodyne beat note with a 224 MHz offset is shown in Fig. 6. Here the scale is 10 Hz per division,
indicaling a narrow linewidth as well as a centroid frequency stability in the mHz range. By ‘ocking
such a laser to a slable secondary slandard, it would be possible to provide a very stabls laser
frequency standard with absolute frequancy stablities in the milliHertz region. Such devices could
become very inexpensive and reliable sources for frequency standards. The frequency stability
characteristics ol free-running external cavily GaAlAs dicde lasers which have already been
demonstraled are listed below.

Fundamenial widtn < 1000 Hz

Future capability < 10 mHz
Short term jitter ~ 5 kHz/30 ms
Long term jitter ~ 7 kHZ
Cantar frequency drilt ~ 5 kHz/h

Locking stability < 10 mHz

e

e

w5

3§



Baseb:and noise <100 dB
+/- 5 GHz

Extending the useful frequency range of prasently available diode lasers such as GaAlAs can be
accomplished by the use of efficient nonlinear fraquency convarsion. Wide bandgap semiconductor diode
lasers have been very ditficull 1o operate at wavelangths shorler than 800 nm, The malerials of
choice would be 1he II-Vi compounds bul so far have not proven to operate as diodes bacause of the
inability 1o fabricate p-type maiterial. Therefors, nonlinear fraquency conversion would be one soiution
for the near term operation of compact biue diode laser sources.

Major advances in high power diode lasers have been made in the world with the developmant of
the GHIN-SCH {Graded Index Saparate Confinemert Heterostructure) GaAlAs diode laser. These lasers
have produced over one watt of cw power al room temperature with more than 50% power conversion
efficiancy. Figure 7 shows the cw output from such a laser as a function of injection current. Qne
prablem with these monalithic devices is the poor speciral output.  This may be improved by cperation
in an extarnal cavity. Because the broadening mechanism in semiconductor lasers leads 1o a
homogenecus gain line, all of the laser output will occur in a single frequency when the device is
operated in a single spatial mode. Such a diode laser has baen operated in an external cavity and has
produced more than 1.5 watls of continuous power at room temperature in a spectral wicth of less than
& GHz and a spatial beam quality which was betler than 2-3 times diffraction limited. Because of tha
energy band properties of quantum waell laser materials, the gain bandwidths can be very broad. A
single such laser when operated in an external cavily with a grating has been continuously tunad from
790 to B60 nm al room temperature. Two such lasers have covered the range from 720 to 870 nm
Frequancy doubling of such high power devices would produce useful radiation from 360 to 435 nm with
additional ning over the entire visible range possible by parametric conversion,

DIODE PUMPED SOLID STATE LASERS

The use of sfficient diode lasers and diode laser arraye are now in widespread use as efficient
pump sources for solid sate lasers lo provide all solid state, compact, reliable and efficient lasers
which are able to produce oulputs from a few mW to more than 100 W. Such lasers would find
numarous applications whaere the disadvantages of lamp pumping are obvious. The most common
material that has been pumped by dicda lasars is Nd:YAG which has its main output linas al 1.06 and
1.32 pm.

Single-frequency, diode-pumped, solid-sfale lasers have baen the goal of researchers over the
past 20 years. Sclid-state lasers narmally have relatively large cavities, such that several cavity
modos fall under tha gain protile of the active medium. Intracavity frequency selactive davices are
usually required in order to obtain singla-froquency operalion. As laser cavitios are made smaller, lhw
lengrtudinal mode spacing of the cavilies becomes larger, and for small enough cavity lengths oniy a
single cavity mode can . In linear cavily designs, spatial hole buming still leads 1o the simultaneous
oscillation of two lengitudinal cavily modes al pump powers only slightly above thrashold. An
altarnativa approach is the unidirectional ring cavily which aveids spatial hole burning. While this
approach provides the desired laser characteristics, it suffers from a complicated fabrication procass
and critical oplical alignment.

Another desirable property of lasers is tunability. Tuning of large lasers is usually obtained hy
using a frequancy selactive device to go from one longitudinal cavity mode 1o another, and is therafore
discrata.  Alternatively. a changse in optical length may be used 10 obtain continuous turing of lasers.
The tuning range available through this type of tuning is limited to tha distance betwean longitudinal

cavily modes, belore a neighboring lengitudinal mode is tuned into tha region of highest gain. A third
tuning tachnigue is the rmodulation of the cavity length at very nearly (but not axactly) a multipie of tha
longitudinal-made frequency interval of the laser cavily. Large amounis of continuous tuning may be
abtainad in this way, but only at well defined rates of modulation.

The microchip lasers are designed fo be inherently single-fraquancy lasers. The cavity lengih
of microchip lasers is chosen so that only a single longhudinal cavity mode falts under the gain curve.
In this way, the microchip lasers are fundamentally different from other single-frequency lasers such
as the stoichiometric Nd lasers and unidirectional ring lasers. Figure 8 shows the concept of the
microchip laser. The single-frequency operation of the microchip lasers atlows the potential for
conlinuous tuning over the entire gain bandwidth of the laser by changing the optical langih of the
cavity. The gaometry of the microchip cavily and the pumping configuration strangly favor tha TEMgp
transverse mode, and only one transverse mode oscillates. Since the two orihogonal polarization
modaes of the micrechip lasers are for the same longitudinal and transverse mode, they compste ot
gain. The first polarization mode 1o lase depletes the gain for the second mode - spatial hole burning
does not create favorable conditions for tha second polarization mode to lase - and only one polarizahon
mode oscillates.

Bacause of the short cavity length, microchip laser cavities can be flat-flal. As a resul, the
fabrication process for microchip lasers lends itself to mass production. Because of the small amount
of material used for each laser, and the simpie fabrication, the cost per laser is extremely low. Onca
creatad, microchip lasers ¢an be pumped with commercially available diode lasers Figure 9-10 show
the small microchip crystats after having been cut from a large boule of YAG as well as a finishad
microchip laser made from Nd:YAG and pumped by a cw diode laser.

Saveral differant microchip tasers ware constructed and operatad cw at room temperature.
Initially, the tasers were created by polishing a piece of crystal flat-fiat, and sandwiching the crystal
belween two mirrors.  The mirrors were craated by di-  elecirically coating 109-mm-thick glass
walers. The output mirror had a reflectivity of 89.7% at the lasing wavelength and was designed to
refiact the pump laser. The opposite mirror had a reflectivity of 99.9% at the lasing wavelenglh and
transmitied the pump. The lasers that were constructed in this way included: Nd:-YAG (NdyxYs.
xAlO12} at 1.064 mm using a 730 mm long cavity; Nd:YAG at 1.319 mm using a 730-mm-lang
cavity; Nd pentaphosphate (NdPsQOq4) at 1.051 mm using a 100-mm-leng cavity; LNP {LINdP4O 9} at
1.048 mm using a 140-mm-long cavity; and Nd:GSGG (NdxGd3.xScpGagO1o) at 1.061 mm using a
625-mm-tong cavity. In each case, single-longitudinal-mode, single-spatial-mods operation was
achisved with pump powers many times above thrashoid.

The mechanical stability of such microchip lasers are improved by depasiting the dielectric
mirrors directly onta the solid-state gain media. The gain crystals ware first cut into large diameter
waters, and polished 1o the desired thickness. Dielectric cavity mirrors were then deposited directly
onto the crystals, before they were cut into small pieces. Microchip lasers using two different gam
media, Nd:YAG and LNP, were created in this way, and are discussad below.

A Ti:AlzO3 laser operating near 808 nm was used as a pump source 1o characterize the
micicchip lasers. The 1.064-mm Nd:YAG microchip lasers had a fasing threshold below 0.7 mW of
absorbed power, and the slope quantum efficiency (detarmined from the oulput of the laser frem the
99.7% reflecling mirror only) of greater than 46%. The far-liald paltern of the output beam was
circularly symmetric, and almost perfectly gaussian, as shown in Fig. 1. The divergence of the beam
was about 20 mrad, corresponding 1o a fundamental-mode waist of approximately the same size as the
purng spot in the Nd YAG {about 50 pum).

Spectrometer traces of the oulput beam of the Nd:YAG micrachip lasers showed only single-
longitudinal-mode operation for absorbed pump powers up 10 40 mW. The lasing frequency tunad



slightly as the pump spot on the microchip cavily was moved to posilions with a skghily differant
cavity length. The devices constructed with wafer mirrors wera continuously tunable over the entire
gain spectrum by mechanical movement of the mirrors.  The maximum single-fraquency power obtained
trom the 730-mm-long Nd:YAG microchip lasers operating al 1.064-mm was 22 mW and the output
was polanized 10 better than 1 part ol 300.

The linewidth of tha 1.064-mm Nd:YAG microchip lasers has bean measured by heterodyning
the output of wo free-running devices togsther. The outputs of these microchip lasers ware slable
enough to oblain heterodyne measurements with a resolution of 10 kHz. Al this resolution, the
measured speciral responsa was instrument limited, giving a linewidih for the microchip lasers of less
than 5 kHz, assuming equal contributions to the linewidih from each laser. The theoretical phase-
fluctuation linewidih is estimated to be only a few hertz. The heterodyne spectrum of tha 1.064-mm
Nd:YAG microchip laser is shown in Fig. 11. Relaxation oscillations account for the observed sidebands
700 kHz away from the main peak. At highet pump powers these sidebands have been maovad to greater
than 1 MHz away from the main peak. The intensity of the sidebands varied with time, but was always
greater than 30 dB below the main peak. Wilh increased stability of the pump source, as might be
obtained with diode pumping, the magnitude of the relaxation sidebands should decrease considerably.

The LNP lasers had a cavity length of 140 mm. The output mirror had a raflectivity of 98.7%
at the lasing wavelangth, and transmitted the pump. The opposite mirror had a reflectivity of 99.9%
at the lasing wavelength and a 75% transmittance for the pump. Measurements showed that 25% of
the incident pump power was reflected by the laser package and 10% was transmitted. Tha threshold
for lasing was measured 1o be about 3.4 mW of absorbad power, and the slope quantum efficiency was
28%. The LNP microchip lasers ran single-frequency for all available pump powars. The maximum
single-fraquency oulput oblained was 26 mW, and was pump power limited. The far-field paitern of
the oulput beam was nearly circularly symmetric, indicating a good TEMpg mode.

The microchip lasers have besn pumped with the unfocused output of GaAlAs diode lasers. The
microchip laser is placed in front of the culput facet of the diode laser and longi- tudinally pumped
without any focusing lens. The distance between the diode and the microchip is adjusted so that the
resulting pump spot in the microchip cavity is nearly circular, giving a circular far-field pattern. The
divergence of the output beam is diffraction limited, with a fundamental-mode waist that is
approximately the same size as the pump spot. The almost perfectly gaussian far- field profiles are
shown in Fig. 3.

The performance of diode-pumped microchip lasers is similar to the performance of Ti:Al2Q3-
pumped devices. As an example, the 1.32-mm Nd:YAG microchip laser discussed above was pumped
with a 480-mW diode laser. The output showed single-fraquency, TEMgg operalion at all available
dioda pump powers. The maximum cw output power obtained was 51 mW, The output beam had a
divergence of 8 mrad, corresponding to a 200-mm pump spot in the microchip cavity. The slope
quantum efficiency of the microchip laser was greater than 40%, and the overali wall-socket
afliciency (elactrical input to 1.32-mm optical outpul) was greater than 4%.

Because of the extramely short cavily length of the microchip lasers, a small change in cavily
length resuits in a large change in oulpul frequency ol the device. A 1.06-mm Nd:YAG microchip iasar,
for example, wilth a 650-mm-long cavily tunes at a rate of 460 MHz per nm of cavily length change.
By applying a transverse stress to small, manolithic, Nd:YAG lasers their lengih can be changed enough
1o wwne them over a large portion of the gain bandwidth of thae Nd:YAG. With the proper choice ot cavity
length, the microchip lasers can be designed 1o have a single-frequency tuning range as large as ihe
gain bandwidih of tha gain medium, constrainad by the pump power requiremenis of the laser and the
absorption length of the gain crystal. These lasers operatad in a single longitudinal and transverse
mode. In tha absence of an applied stress their polarizalion was randomly oriented. Once stress was

applied, the polarization of the microchip lasers was parailel to the direction of the siress, consistent
with earlier experimenis which have been reported in the literawre. To dynamically tune the 1.064-
mm, single-fraquancy, Nd:YAG microchip lasers, crystals were tightly fitted into U-shaped hoiders
adjacent 1o a PZT piezoalectric transducer, as shown in Fig. 12. A vollage was applied lo the

ransducer of the tunable laser, which in turn applied stress to the Nd:YAG in a direction orthogonal to
tha laser cavity, changing the cavity lenglh. Single-frequency, single-polarizalion operation was
observed over the entire siress-tuning range. Figure 13(a) shows the heterodyne spectrum of a
frequency modulated microchip laser with a sine wave drive applied to the PZT compared 10 the
thaorelicaliy expected spactrum in (b). The deviation of the speclrum from the expected theoratical
curve is due 1o the fraquency response of the heterodyne system, which is not flal over the entire
range.

The small cavity lengths of microchip lasers lead to very short cavity lifstimes, even for
cavilies with high rellectivity mirrors. As a result, microchip lasers are capable of producing pulses
that are shorter than can be obtained with larger solid-state lasers. 70 obtain pulsed operation of the
microchip lasers, they were pumped with a pulsed Ti:Al2O3 laser. The cutput of the Ti:AlpO3 laser
was a train of 40-ns puises {full width at hall maximum) at a 5-kHz repetiugn rale, wilth a time
averaged power of 180 mW. When the Ti:AlzO3 laser was tightly focused onto the microchip lasers
strong relaxation spiking was observed. The pump was defocussed until each pump pulse produced one
oulput pulsa. At thal point the temporal and spactral profile of the microchip pulse was measured.

Gain-switched pulses have been obtained fraom several microchip lasers. One was consiructed
from MNd:YAG, with a 730-mm-long cavity and a 1.3% outpul coupler al 1.064 mm. Tha culpul pulse
from such a laser had a duration of 760 ps. This pulse widlh is comparable to the caiculated microchip
cavily lifelime of 850 ps. The peak pulse power was about 5 kW, Speciral measurements showed that
only ona longitudinal mode of the microchip laser was cscillaling. Visual inspaction of the tar-field
pattern indicated that the laser was operating in the TEMgy mode.

A second pulsed microchip laser consisted of a 140-mm-long LNP cavity with a 1% oulput
coupler at 1.048 mm. It was difficult to adjust the Ti:AlpO3 pump laser so that each of the pump
pulses consistently resufted in only one output pulse from this device. A sireak camera was used 1o
measure an outpu! pulse width of only 80 picoseconds. As in the casa of the pulsed Nd:YAG microchip
laser, the pulsed LNP microchip laser operated at a single fraquency in the TEMgp mode. Unlike
modelocked pulses, gain-switched pulses can be individually generated. The experiments described
above demonstrale ihat it is possible 1o obtain very shont, single-frequancy, gain-swilched pulses
trom microchip lasers. The duration of the oulput pulse is limited by the microchip cavity lifetime. By
decreasing the cavity lifetime, through the use of lower rellectivity oulput mirrors or shorter
cavities, it should be possible to produce microchip lasers with single output pulses of much less than
B0 ps.

The low pump threshold, high efliciency, and single-frequency operation of microchip lasers
makes diode-pumped microchip lasers exiremely promising. The tuning capabilities of microchip lasers
are unique. Larger lasers may be tunad in the same manner as microchip lasers, but the longer cavity
length greaily restricts both the tuning range and rate. Only the microchip laser allows the possibility
of continuows, single-reguency tuning across the gain bandwigth of the Jaser at an arbitrary rate, up
1o the timit imposed by the cavity response time. The short cavity length of the microchip lasers, and
the resulting short cavily lifetime, also permits lthe generalion of very short gain-swilched pulses.

The simple fabrication of microchip lasers, and the ability to pump them with commercially
available diode lasers, should help to make them attractive for a large range of applications.
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The use of semiconductor diode laser arrays as pump sources will allow for much higher pow::
operation ol solid slate lasers. One of the advantages of solid stale lasers over semiconductor lasers
s the energy storage capability of such materials and the subseguen! extraction of this energy In a
short time resulting n very high peak power outpul. Figure 14 shows a Nd:YAG laser which is pumpexd
by GaAlAs diode laser arlays. These arrays are made up of one cm bars of lasers eight of which are
bendad onto a silicen heat sink inte which has been stched 45 degree angled mirrors to deflect the
output radiation in a direction orthogonal o the surlace of the array. Other diode laser array
gecmelries include the weli-known rack and stack in which laser array bars are bonded onto individual
copper heat sinks and then stacked together 1o form a two-dimensional array.  With presently available
commarcial diode laser array technology, it would be possible to make a 100 watt cw or average
power, diflraction limitad Nd laser al 1.06 pm which could in turn be frequency doubied into 1he visible
wilh possible power levals of tens of watts. Such a laser could become a replacement for the
commarcial high power ion laser.

APPLICATIONS

Lasers have already been used in a wide variety of applications for many years. The mos! welt
known of these are fibar optical communications, compact disc and laser printers. One of the major
advaniages of the solid state and semiconductor laser davices described hers in their ability to operate
efficiently and reliable and to be scaled either up or down in power. One often neglects the impartance
of being abla to operate a laser efficiently or at all al low power levels. Some of the most important
apphcations of solid state and semiconductor laser technology that wil corme about in the next lan
years are listed below.

PROJECTION DISPLAY

The availability of small dicde pumped solid state lasers which can be frequency doubled into
the red, blue and green spectral regions wilt allow their use in high resolution projaction display fer
movie thealer and home television. The advantages of laser projection display are high resalution, high
brightness with far less adge falloff, constant focus independent of the screen surface and adjustabla
screen area. The laser projection system will mean that either front or back projection is possible and
will eliminate tha vacuum tube for larger area screen television. Figure 15 shows a schematic for a
how such a laser projection system might look. This market could emerge as one of the largast for
lasers in the next decade and amount 1o tens of billiens of dollars in systems sales.

LASER PRINTERS

Laser printers are now in wide use throughout the world. With the advent of lower cost
devices which oparale in a circularly symmatric diffraction limited output of about ona wall cw, high
speed and low cost color printers will be made available for the home market for use in FAX machines
and for color printing associated with electronic photography

OFTICAL DISC TECHNOLOGY

Low cost diffraction limited visible or UV lasers will allow for high density read and write dic
applications such as computer memory and video recording. Gameras will be able to store high
resolution images in such discs with such high densily that motion piclure cameras will b sold rathra
than still frame cameras

WAVELENGTH MULTIPLEXED OPTICAL COMMUNICATIONS

Fiber optical communications presently uses diode lasars operating at 1 3 and 1.5 ym and
achieve dala rates of more than one Gbit. Future information needs will require higher data rates,
Increasing the speed for a single diode laser causes difficulties in the ability to electronically pracass
the bit stream. The use of a laser which can be frequency tuned will allow for wavelength division
multiplexing. Such lasers, howavar, must be low cos! and refiable. Wavelength calibraticn techniques
must be developed in order that a standard frequency system be used for compatibility when different
lines are connectad tagether. Wavelength muitiplexed systems would find imporiamt use in computer
communications systems.

ROBOTICS AND MACHINE CONTROL

Laser radar tachniques have besn wall develaped over the last twanty years and could become a
practical tool as the eyes of robotic systems. For widespread use, however, the cost and raliability
must be improved. The recant develcpments in solid state lasers has now mads this closer to roaiily.
Low cost, single-frequency microchip lasers could be used as transmitters as well as local oscillators
for short range imaging radar systems for tobotic control.  Similar lasers could be used for pracision
motion control devices for application to machine ool conirol systems and for precision ornthoegonal
controt for the samiconductor indusiry. In particulas, low cost three- dimensional contral systams
would revclutionize the manufacturing industry.

LASER MEDICINE AND MEDICAL DHAGNOSTICS

Lasers are presently being used for numsrous applications in the medical area, Some of these
areas are listed hare logethar wilh some of the types of new solid state and diode lasers that will be
important for these applications.

Multliwavelength solid state lasers. 589 nm, for exampla, at 10's of mJ in
us to ns pulses,

Diode lasers, 1-3 waitts cw with millisecond pulses.

Angicplasty
Tunable solid state lasers such as Ti:sapphire with fraquency shifting
Cancer Treatment
Tunable solid slate of diode lasers al 1-10 walt average power.
Dermalolegy
Tunable solid state lasers or diode lasers. 1-100 mJ or a fow wails CW.
The present laser market for 1989 is about $700 million. The above fislds of use are expactsd

10 increase the lasar appiicalions market into the tens of bitlions of dollars per year during the next
docade.
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