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Abstract—The following is a historical perspective of the signif- Il. MATERIALS TECHNOLOGIES

icant technological demonstrations that shaped the history of high .
power semiconductor lasers. This article is not meant to be are-  BY the late 1970s, semiconductor lasers had advanced to

view article, as there are much better review articles and reviewers Where double-hetereostructure lasers had been developed
available, nor would the article try to cover all of the contributions  resulting in reduced threshold continuous wave (CW) emission
to such arich technology. Nonetheless, this article will, anecdotally, [5], [6]. In addition advances in laser design included the

present a perspective on the technological advances that reSUIIteOIbreakthrough realization of distributed feedback lasers. Liquid
in the enabling technology of high power semiconductor lasers for :

applications such as fiber optic communications, data storage, and Phase epitaxy (LPE) was used to fa_bricate the;e Ia_s_ers [71-10],
material processing. however, the performance was limited by the inability of LPE

to grow uniform thin epitaxial layers and accurately tailored
doping profiles. Nonuniform materials from LPE-grown wafers
resulted in current crowding and optical self-focusing, thus
I. INTRODUCTION limiting the aperture size of the laser to a few micrometers,

HE SEMICONDUCTOR laser, first discovered in 19622nd the thick active regions-0.5 um) were lossy limiting the
T [1]-[4], was thought to be a breakthrough invention thgfficiency of the laser. The consequence was a laser that could
would revolutionize industry. As early as the late 1960s arff!ly operate reliably to a few milliwatts in output power and a

early 1970s there were patents and articles proclaiming ff@nufacturing process that resulted in low yields.
utility of this technology for optical data storage and fiber ' "€ first key technology advancement necessary for the re-

optic and free space communications. However in its eal%l/zanon of high-power lasers was the development of two new

form, the simple p-n homojunction device was a long way fro@rowth technologies: metallorganif: chemical vapor deposition
realizing the dreams of these early inventors. To realize tfYOCVD) and molecular beam epitaxy (MBE). These two key

capability of semiconductor lasers and specifically high-powé¢0hn0|°9'ca| advancements, developed nearly simultaneously,
semiconductor lasers a convergence of many technologies figefted @ tool that enabled the laser designer to control the
to be realized. Advances in crystal growth technologies, tif&yStal deposition to atomic layer accuracy which resulted
development of double heterostructure lasers and subsequelfjW0 benefits: uniform material deposition and ultimately
quantum well lasers, materials passivation technologiddl@ntum well active layers.

heatsinking technologies, pseudomorphic materials: break.Uniform mr?ltenal deposition |s.cr|t|cal t_o bpth laser perfor-
throughs in device designs including single-mode lasers, la§&2NC€ and yields. The more uniform epitaxial layers enabled
arrays, distributed feedback lasers, and the simultaneous def¥-development of large aperture laser structures, the first such

opment of complementary technologies, the most significafigVice was the evanescently coupled laser array. Large aperture
of which is the rare earth doped fibers for fiber amplifierQeV'CeS dramatically broke through the barriers of power output

and fiber lasers, all contributed to one of the most enabliffP™ @single laser. Output powers well in excess of several watts
technological industries today, that of high-power semicoMere demonstrated. Over the course of the next decade, higher

ductor lasers. In many ways semiconductor lasers are secGfd Nigher output powers will be developed where outputs ex-
only to the transistor and integrated circuit as to their impag€ded 10 W CW from a 200m laser source [11}-[16].

on today’s high-technology market place. The semiconductor ' n€ second effect of the conversion from LPE cr_ystal growth
laser is the conduit in which the internet became economicalfyehnology to that of MBE and MOCVD was the ability to grow
feasible and is the backbone of which the information age B}m active _Iayers on the order of 10 nm. LPE was tYP'Ca'!-‘/ lim-
tomorrow will depend. The following paragraphs will addresd€d t0 active layers on the order of 0.1-Q«. Thin active
specifically the technologies associated with the developmd@yers were very difficult to grow by this technique. The con-

of high-power semiconductor lasers from an historical aripduence of a thick active layer laser structure was that there
tutorial perspective. was a high overlap of the optical mode with the free carriers

in the active layer. The propagation loss within the laser, being
dominated by the free carrier absorption in the active layer, was
, , therefore inherently high and consequently the threshold, effi-
Manuscript received October 9, 2000. . S
The author is with SDL. Inc., San Jose, CA 95134 USA. ciency of the laser, and the length of the laser cavity is limited.
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Fig. 1. Effect of distributed loss on a laser with reflectors of 4% and 1009
an internal conversion efficiency of 100%, and a distributed loss of 15cm
(typical for thick active layer LPE materials) and 1.5 tin(potential loss for Fig. 2. Relative electrical to optical conversion efficiency.
quantum well lasers).

cleaved facet causing a depletion of charge at the crystal surface.
a hypothetical laser with a device with 4% and 100% reflectohe depleted bands absorb the laser emission that, when the ab-
and an internal conversion efficiency of 100%. sorption is sufficient, causes thermal run away effect, melting
The consequence of a high-propagation loss in the laser catitg end facet of the laser. COD is especially prevalent in Al
not only impacted the laser efficiency, but it also impacted tisntaining materials and as a result greatly impacted the relia-
ability to fabricate long cavity length lasers and therefore thsility of AlGaAs lasers, and therefore inhibited the introduction
thermal resistance of the laser. The thermal resistance of #fenigh-power AlGaAs lasers into applications like communi-
laser is a critical design consideration for high-power lasefsations and optical data storage.
The short cavity length of LPE grown lasers, typically less than Extensive research by several laboratories was performed
250 um, increased the thermal resistance of the laser, limitimgy both materials technology and passivation technigues to
the ability to dissipate power and ultimately the output power efiminate COD. Several research organizations were able to
the laser. come up with process technology necessary to eliminate COD,
The advent of MOCVD and MBE changed the way the rezach organization having a different approach to the problem.
search community could think about laser designs. The abilititimately COD was eliminated as a reliability limitation for
to control the crystal deposition on an atomic scale in a fashiemost laser diodes. It was these various techniques that enabled
that resulted in uniform epitaxial growth was the first majohigh-power lasers for both the communications market and
breakthrough for the development of high-power lasers. Withe recordable optical data storage products. Furthermore,
this new tool the research community went to work and threduction in the impact of COD on reliability greatly improved
first conceptual breakthrough was that of quantum well lasethe performance of high-power lasers for DPSS applications,
Quantum-well lasers, lasers with active layer thicknesses on #eabling greater penetration of DPSS lasers into the material
order of 10 nm, resulted in a number of advantages includingpgocessing and thermal printing markets.
dramatic reduction in threshold current, a reduction in the free
carrier loss, and a reduction in the temperature sensitivity of the V. PSEUDOMORPHICMATERIALS

threshold current. All of these effects increased the efficiency OfThe next major technology breakthrough for semiconductor

the laser and the ability to make lasers with longer cavities arld o ) 4
. sers and specifically high-powered semiconductor lasers was
therefore lower thermal resistance. Furthermore, as the over,

of the optical mode with the active layer was much less, t @8 conceptual development and experimental realization of

LA . . suedomorphic materials [17]-[22], otherwise referred to as
power limitation caused by catastrophic optical damage of the ". . o

S . ..strained layer materials. Up to this time crystal growth was
laser was significantly improved. The net effect was the abili

) Ymited to the material systems that were lattice matched to a
to demonstrate higher output power lasers.

A sianif . . gommon substrate. In the mid-1980s, a series of conceptual
significant metric of semiconductor lasers as compared

other laser systems, and ultimately the determining factor cliﬁevelopments occurred that resulted in the realization that a

much of the performance of these lasers in ultrahigh-power layer need not be lattice matched if its thickness was less than

plications such as welding, is the ability to demonstrate els}cﬁ—e critical thickness, at which point the material would no

trical to optical conversion efficiencies of greater than 600)0(_)nger be single crystal. Layers that were on the order of 10 nm

. : _ could be grown in the midst of a lattice match layer structure
No other laser media can approach this type of efficiency (sé . . S .

: o N where the lattice mismatch could be significant. This concept
Fig. 2) and therefore, in high-power applications where he

generation and removal are the limiting factors, semiconduc%?d qwck!y to the incorporation of In. into AlGaAs guantum
lasers have the distinct advantage well material structures and was applied to all semiconductor

laser material structures.
InGaAs active regions in AlGaAs layer structures resulted
in several key benefits: higher gain from the materials, lower
The next limitation to output power for semiconductor lasetsreshold current operation, higher efficiency, extension of the
after the initial advances in crystal growth technology was thamission wavelength to longer wavelengths, and higher relia-
of catastrophic optical damage (COD) to the end facet of tihdity. For AIGaAs lasers grown on GaAs substrates, emission
laser. COD is a result of surface recombination sites on thevelengths could then be extended from less than 780 nm to

lll. CATASTROPHICOPTICAL DAMAGE (COD)
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810 nm 915 nm

Fig. 3. Electroluminescent images of the surface of a broad-area laser operating at 810 and 915 nm. For this experiment defects were inteodiorediynint
the chip and in the case of 810-nm lasers (no In) these defects are seen to propagate through the active region [22].

the realization of high-power, high-efficiency lasers operating

T=28°C 61w at 630 and 680 nm.

Pipe= 150 mW 33w q Pseudomorphic concepts have since been applied
to most semiconductor material systems including

‘ GalnAsP&ndash;InP laser where efficiency, power, and

\ dl. polarization effects have been optimized, AlGalnN lasers

- for efficient operation in the 380 to 470 nm region and in

‘ AsSb-based materials for lasing properties in the mid-IR.

\ The above discussed material advances and the resultant laser

\

Relative Intensity (a.u.)

I\ . design advances created the ground work for a number of critical
J L/ T \,// e N applications that were enabled by high-power semiconductor
lasers. As each relevant application is discussed, high power is
gualified as a relative term to the state of the industry prior to
these advances. As an example, high power in the realm of in-
Fig. 4. Far field patterns from a BA amplifier for output powers from 2.8 talustrial lasers is measured in watts and kilowatts, while high
61 W CW with an injected power of 180 mW. power for optical data storage is discussed as the advances nec-
essary to take the technology from the few milliwatts level to 30

longer than 1100 nm, easily reaching the emission wavelengfR¥/ and beyond. Often the impact of achieving high power di-
more detail below). It was further shown that the incorporation
of Inin the active region of an AlGaAs laser inhibited the migra- V. SINGLE-MODE SEMICONDUCTORLASERS

tion of defects in the material thus improving the rellablllty of Advances in materials techn0|ogy and process techn0|ogy
the material. From these developments came high-power, high¥ discussed above have made dramatic advancements in the
reliable lasers operating at 980 nm and the first short wavelenghility to efficiently generate power at high reliability and across
laser that could meet the 20-year lifetime required for commextensive wavelength coverage in semiconductor lasers. There
nication systems. is an entirely different branch of semiconductor laser develop-

Pseudomorphic materials were critical to the developmemient associated with the generation of multiwatt output power
of another class of high-power lasers, that of AlGalnP lasers a single spatial mode. Standard techniques for generating
for the emission between 630 and 680 nm. AlGalnP lasers tgidgle-mode waveguides have been demonstrated in high-power
been demonstrated for operation in the 680-nm region, howewegterials resulting in the demonstration of greater than 1 W of
these lasers when lattice matched resulted in high-threshold aingle-mode operation from a few micrometers aperture. The
rents and limited their output power to a few milliwatts. Wittmotivation to achieve output powers in excess of 1 W from
the introduction of pseudomorphic materials to the design afmonolithic device was driven largely by the perceived need
AlGalnP materials, the gain could be significantly increasddr transmitters for free-space communications and direct diode
resulting in lower threshold current densities. The result wasaterial processing applications.

FarField Angle (degrees)
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Fig. 5. Infrared image of the top of a broad-area gain region illustrating the effect of filamentation.

Semiconductor lasers, being highly nonlinear devices anincies of 30%—-50%, the double-clad fiber lasers could operate
having a large coupling between the gain of the laser aatioptical to optical conversion efficiencies of 60%—80%. Al-
the index of refraction, made it difficult to fabricate a largehough fiber lasers do not result in the broad wavelength cov-
aperture single-mode laser. Several conceptual technigeeage of semiconductor only solutions, fiber lasers have meet
were pursued [23]-[38]: 1) coupled laser arrays through eithitie power and scaling requirements of most potential multi-
evanescent or direct coupling of individual laser elements; @jatt single-mode applications. Currently, fiber lasers are used
surface-emitting laser arrays where serial injection lockirig marking systems, thermal printing systems, and Raman am-
of multiple cavities were studied; 3) master oscillator powddlifiers.
amplifier configurations on a monolithic chip; 4) externally
injection locked lasers; 5) asymmetric gain profiles in large
aperture lasers; 6) multimode large aperture devices with
highly differentiated modal gain profiles; 7) external cavity The first use of MOCVD and MBE was in the fabrication
lasers; and 8) unstable resonator lasers with large emittioAlGaAs lasers operating between 780 and 860 nm. From
apertures. Several general issues were barriers to a nunthé&r material system came the first application of high-power
of these potential solutions; first the output power needed $semiconductor lasers, that of pumping Nd : YAG lasers at wave-
be efficiently coupled into a single emission radiation lobdengths around 810 nm. The use of diode pumping of Nd : YAG
the radiation patter, or far field pattern, needed to remaiasers enabled a dramatic reduction in size and a significant
stable over all power and temperature operating conditions, therease in operating efficiency as compared to flash lamp
discrimination between modes of operation had to be sufficigmimped solid-state lasers. In later years as the semiconductor
to insure single-mode operation as the gain uniformity arasers became more reliable, so did the solid-state lasers. A
index uniformity changed during operation of the laser and tiséeady progression in DPSS technology over the past 15 years
laser had to be able to be made reproducibly with high yieldas transformed the laser-based material processing industry to
All of these conditions became very problematic in a materialhere DPSS lasers now compete with high-power, C3er
system that was highly nonlinear and the index and gain wesgstems for cutting and welding applications, and a significant
highly coupled. Finally and more importantly, the need fdiraction of the market is the sale of DPSS lasers.
an application that is economically large enough that would High-power semiconductor lasers used for pumping of
justify the expense associated with the migration from a DP3&! : YAG lasers were first commercially introduced in 1984
solution to a semiconductor manufacturing solution. To dag output powers of 100 mW CW. Nd:YAG lasers have
some exceptional work by a variety of research organizatiossveral distinctions compared to semiconductor lasers; first
has resulted in the demonstration of single spatial mode lasettety have a long excited state lifetime and can therefore store
output powers in excess of 5-W CW. energy and are applicable €-switched operation resulting in

In parallel with the development of monoalithic single spatighigh-peak power applications, and second they have the ability
mode lasers came the development of double-clad rare edatefficiently convert multimode light into single-mode light.
doped fiber. As discussed below, rare earth doped fiber orighe designers of DPSS lasers looked to use of high-power
inated around the need for optical amplification in the fibesemiconductor lasers to replace that of flash lamp pumping
where Er doped fiber amplifiers (EDFA) were developed. Froffior the advantages of greater efficiency and higher reliability.
the technology of Er fibers, which were originally developedhis gave great design flexibility to the DPSS laser designer
for single-mode fibers requiring single-mode pump lasers, canme the choice of format for the high-power semiconductor
the conceptual development of double-clad fibers. Double-cleser. Quickly, the market moved to a design of a 1-cm-long
fibers have a single-mode core surrounded by a second nmmbnolithic semiconductor laser array that could be stacked to
timode optical cladding layer. In this configuration multimodereate a two-dimensional (2-D) emitting aperture, Fig. 5. The
light is injected into the outer cladding layer and the the light-D and 2-D arrays were used in either CW or what was noted
propagates over several tens of meters while it is absorbedasyquasi-CW mode, where the quasi-CW operation was a series
the rare earth dopant in the single-mode core of the fiber. This long pulses used to match the upper state lifetime of the
process has demonstrated to be a very efficient mechanisnsolid state laser, on the order of a few hundred microseconds to
conversion of the multimode radiation from the semiconductarfew milliseconds. Today, monolithic laser arrays have been
laser to a single-mode output. While the Nd: YAG laser, diglemonstrated at output powers approaching 200 W CW where
cussed below, will result in optical to optical conversion effireliable operation of 60 W is commercially available.

VI. DIODE-PUMPED SOLID-STATE (DPSS) LASERS
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Emerging from the DPSS systems were first lasers operati 120 — ]
in the few watts average power region. Applications for the: B .
lasers included marking on electronic packages, thermal 100 ]
ablative printing on plates for offset printing applications [ ]
micro- welding for various applications in the hard disk an g sl h
semiconductor industry, heat treatment of micromechanic y : -
components, and many others. A second class of applicatic & N 3
arose from the ability to efficiently convert the output 0? 60 - ]
the DPSS to green and UV for application to photosensitih & = .
materials. 5 wk A

The second class of products, which is just beginning todz’E [ ]
are the applications that require high average power operat - .
including cutting and welding applications where the averay 20F ]
powers are in the range of 100—1000 W. " ]
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VII. OPTICAL DATA STORAGE
Pump current (A)

The second application that has been impacted by high-power
semiconductor lasers has been optical data storage. Read-éigly6. Power output as a function of drive current for a diode-pumped fiber
applications within optical data storage have existed for '&€"
number of years at 830 and 780 nm. It has been the advanc~g 4
in high-power laser technology that hve pushed the reliabl 4X4 Array of 2x1 cm Packages
output powers to greater than 30 mW that has enabled tt
ability to write on optical discs. Initially, this was introduced
to that market at 830 nm, followed closely behind by 780 nnr
and more recently 650—-680-nm lasers, the movement to short
wavelength for the benefits of higher storage densities. Thes
devices are all single spatial mode operation.

Other applications that have benefited from higher powe 2
semiconductor lasers in the early years of their developmel
include free-space/satellite communications, where extensi
work and a number of demonstrations were successful i
secure free-space optical links, direct diode material processir
applications including heat treatment of metal surfaces, medic
applications including photodynamic therapy, hair removal
and other therapeutic applications.

VIIl. T ELECOMMUNICATIONS

. . . Fig. 7. Photograph of a 2-D array of laser diode bars; maximum output power
In parallel with the development of high-power semlcorgfgzl%_kw avgrage power. Y putp

ductor lasers was the development of rare earth doped optical
fiber. Rare earth doped fiber in conjunction with the advanc

in high-power lasers are, in this author’s perspective, the tr 10000
enabler to WDM communication systems. It was the abilit _
to amplify light in fiber that eliminated the need for expensiv 1000
regeneration every 100 km, thus enabling an economic soluti FIT rate

for WDM fiber optic communication. The development of rart 1007
earth fiber has had two primary areas of impact: the first beit
Er: doped fiber for amplification at 1550 nm.

The first demonstration of Er doped fiber amplifiers (EDFA 10 ! ! ! ! !
was in conjunction with 1480-nm semiconductor lasers. Tt 100 200 200 400 500 600
conversion efficiency of the 1480 pump lasers to 1550 amp
fication of the signal source is in the range of 70%. Rapidly, tt Chip Power, mW

communication system designs pushed for output powers from

the amplifiers on the order of 20 mW (13 dBm), and for a varieﬁg- 8. FIT rate for 980-nm laser chips as a function of output power.

of reasons due to multichannel inputs and multistage ampligaquiring greater than 30 dBm and therefore further driving the
tion, these amplifiers required pump powers of greater than 6Qtput power requirements from the emiconductor lasers. The
mW. As the channel count further increased over time the anesearch community implemented some of the technologies and
plifier output power exceeded 23 dBm with some applicatiomesigns discussed above, increasing the cavity length of the laser
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EDFA was deployed in an undersea communication link in the
early 1990s.

The second absorption band of EDFAs was at 980 nm. The
advantage of 980-nm pumping was that the noise figure was
much lower than 1480-nm pumping. As the development of the
EDFA was nearly simultaneous with the development of pseu-
domorphic materials and the processing developments that lead
to the elimination of COD, the next high-power application to
develop was that of 980-nm laser for EDFA pumps. There are
several inherent tradeoffs between 980-nm lasers and 1480-nm
lasers: 1) 980-nm pumping results in a lower noise figure from
the amplifier than 1480-nm pumps; 2) the optical conversion of
the pump laser to 1550-nm light is more efficient in 1480-nm
lasers; 3) the drive current requirements are higher for 1480-nm

Fig. 11. Power output as a function of current for a fiber coupled 1455 nfasers. an important parameter in the design of undersea equip-

laser [39].

ment; and 4) the initial reliability of 1480-nm lasers was greater
than that of 980-nm lasers. The result was that the communica-

to 1 mm and beyond in research devices to handle the therrtiah industry wanted to use 980-nm lasers in the EDFA, how-
dissipation of the high-power lasers. The communication iever, the reliability of the 980-nm pump laser needed to be im-
dustry had significant data on the reliability of InP-based lasepsoved to the same level of performance as the 1480-nm laser.
in the form of DFB lasers, and InP lasers did not demonstra@/er a number of evolutionary growth, processing, and pack-
COD, therefore the communications industry adopted 1480-raging developments, several organizations were able to develop
lasers as the first high-power laser for communications. The fitgghly reliable 980-nm pump lasers that met both the terres-
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Laser Marketplace
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Fig. 12. Laser marketplace (Laser Focus World) [40].
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Fig. 13. Revenue by market sector for semiconductor lasers (Laser Focus World) [41].

trial and undersea reliability requirements. Today, high-powéber being used and the system implementation of the fiber and
980-nm lasers can be deployed with FIT rates less than 100a&tges between 500 mW and 1.5 W.
powers of several hundred milliwatts. The alternative technology to fiber laser-based Raman ampli-
The combination of Er fiber, and high-power 1480- anfication pumps is the use of direct high-power semiconductor
980-nm lasers are the essential elements of the WDM long-h#agers. For Raman amplification in the C and L transmission
communication systems. The 980-nm laser provides the nolsnds of the optical fiber, the semiconductor lasers need to op-
performance, while the combination of 1480- and 980-ngrate in the 1450-nm range. To achieve the output power of 500
for power generation enable the multichannel architecturesrofV to 1 W, organizations are both polarization and wavelength
today. Without these technologies there would be no high daaultiplexing four—six pump lasers in to a single-fiber output.
rate communication systems capable of handling the trafftaman amplification will require the output power of discrete
needed for internet applications. 1455-nm pumps to approach 300 mW and beyond in order to
The next generation of amplification technology for commueptimize the performance and manufacturing cost.
nication networks is Raman amplification. Raman amplification Today, most next-generation long-haul transmission system
transforms the network from amplification at discrete points wesigns will utilize Raman amplification. This technology is a
a network where the transmission fiber becomes part of the abieakthrough technology as it is the enabler for ultralong-haul
plification network, resulting in a dramatically reduced noistransmission and high data rate40 Gb/s) transmission. Cur-
figure of the amplifier, thus enabling ultralong haul transmissiarently, the Raman amplification is designed to complement the
and 40-Gb/s transmission. Raman amplification grew out of tDFA.
different high-power laser technologies. The first deployment of
Raman amplification has come from the use of fiber laser-based
pump sources. These amplifier pumps are currently being de-
ployed in undersea festooning application and dry-side-basedver the past 20 years since the first work for high-power
preamplifiers. As discussed above, the fiber laser configuratiseamiconductor lasers, the technology and market requirements
combines the technologies of high-power semiconductor lastesse advanced dramatically. The market for semiconductor
with that of double-clad fiber laser converting the multimodi&asers has grown at staggering clips from 1980 to 2000 and is
semiconductor light to single spatial mode output and subsm#rently growing at greater than 40% per annum, the largest
guent Raman shifting to an output wavelength of 1455 nm angarket being the communications market. The semiconductor
power in excess of 1 W CW. These light sources were initiallpser is the largest market of all optical technologies (Figs. 12
tools of the research community to investigate the propertiaad 13). High-power lasers as a segment of the overall market
of Raman amplification in fiber optic transmission. Optimunare growing even faster at a rate in excess of 90% per annum.
pump powers for fiber is dependent on the type of transmissiBor high-power lasers the growth and impact is substantial

IX. CONCLUSION
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as high-power lasers enable dramatic cost reduction ana2]
performance enhancements in the communications syste §3]
The trend is to shift value from the transmission products to th
amplification products as a percentage of the overall systemnis4]
cost. This trend represents the ability to replace the expensive

repeaters with optical amplifiers. [15]

High-power semiconductor lasers have become a pillar for a
number of markets including fiber optic communications, ma-l
terials processing/manufacturing technologies, printing, opticgh 7
data storage, medical therapeutic and cosmetic applications,
free-space communications, and many others. Research in t
area has shifted from basic research to applications research as
these markets have matured. [20]
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Sanders, R. Waarts, T. Tally, B. Gignac, R. Craig, V. Dominic,[41]
D. Mehuys, S. Grubb, R. Zanoni, M. Devito, M. Cardinal, D.
Coblentz, M. Verdiell, and countless others.

34]
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