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FOREWORD

This report summarizes the work performed under a program sponsored by
NOSC (Contract No. NOO014-85-C-0174), which FIBERTEK, Inc. carried out as a
subcontractor to Science Applications International Corporation. The study
provides an assessment of the technical and economic issues surrounding the
practical application of laser diode arrays for pumping solid state lasers.

The general objective of the study was an evaluation of the state-of-the-
art of diode array fabrication; identification of potential solid state laser
candidates suitable for diode pumping; evaluation of different pump configura-
tions; investigation of different cooling techniques and resonator designs;
and a conceptual design of a cost-effective laser system.

The study motivation stems from the need to classify some of these issues
in view of the rather dramatic developments which have taken place in the area

of diode pumped laser systems. Most notable are the impressive improvements
made -in laser diode array performance and fabrication technology, the emer-
gence of several military and commercial lasers pumped by laser diode arrays,
and the cost projections made by several leading manufacturers which seem to
indicate that widespread applications of laser diode arrays as part of all
solid state lasers could become a reality.




1. INTRODUCTION AND SUMMARY

The most promising alternative to flashlamp pumping of solid state lasers
has always been the diode laser. Throughout the last twenty years numerous
laboratory devices have been assembled which incorporated single diode lasers,
smal)l laser diode arrays or LED's for pumping of Nd:YAG, Nd:glass and a host
of other Nd lasers. The low power output, low packaging density, and
extremely high cost of diode lasers prevented any serious applications for
Jaser pumping in the past.

The reason for the continued interest in this area stems from the
potentia)l dramatic increase in system efficiency and component lifetime, and
reduction of thermal load of the solid-state laser material. The latter not
only will reduce thermo-optic effects and therefore lead to better beam
quality but also will enable an increase in pulse repetition frequency. The
attractive operating parameters combined with low voltage operation and the
compactness of an all solid-state laser system have a potential high payoff.

The high pumping efficiency compared to flashlamps stems from the good
spectral match between the laser diode emission and the Nd absorption bands.
Actually, flashlamps have a r gher radiation output to electrical input
efficiency (70 percent) than laser diodes (25-50 percent); however, only a
very small fraction of the blackbody spectrum is usefully absorbed by the
various Nd bands.

A concomitant advantage derived from the spectral match between the diode
laser emission and the long wavelength Nd absorption band, is a reduction in
the amount of heat which is deposited in the laser material.

An overwhelming advantage of laser diode pumping compared to arc lamps is
system 1ifetime and reliability. Laser diode arrays have exhibited 1ifetimes
on the order of 10,00C hours in cw operation and 109 shots in the puised mode.
Flashlamp 1ife is on the order of 107 shots, and about 200 hours for cw
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operation. In addition, the high pump flux combined with a substantial U
content in lamp pumped systems causes material degradation in the pump ca
and in the coolant, which leads to systems degradation and contributes to
maintenance requirements. Such problems are virtually eliminated with la
diode pump sources.

The absence of high voltage pulses, high temperatures and UV radiati
encountered with arc lamps leads to much more benign operating features o
laser diode pumped systems. Laser diode technology dates back to 1962 wh
" Jaser action in GaAs diodes was first demonstrated. However, it took a d
to transform a fragile device requiring cryogenic coolant into one capab!l
emitting a continuous beam at room temperature. The pace of development
accelerated greatly over the past decade making diode lasers one of the
fastest-moving laser technologies. In particular device improvements suc
double heterostructures, multiple quantum well structures, gradient index
single quantum well structures, monolithic phased arrays, multiple stripe
lasers which were made possible by improved manufacturing technologies su
LPE and particular MOCYD have lead to a dramatic reduction of threshold
current and increases of slope efficiency, lifetime and output power.

Al present, 4thc most important application for single dirode lasers i
optical disk recording. Fueled by strong consumer acceptance of compact
players, sales of 780 nanometer AlGaAs diode lasers grew to several mill{
per year and prices dropped below $10.00 for a single device. Developed
manufactured almost exclusively by Japanese companias, these diodes are
causing a "low cost spillover” into such areas as printers, copiers, CD-R
and other similar applications in the reprographics area.

The longer wavelangth diode lasers, based on the InGaAsP Compound, w
are used in fiberoptic telecommunications, have less than 1 percent of th

total market for diode lasers.

The application of laser diodes may soon also include bar code reade

optical ‘alignment instruments, etc., if researchers at NEC, Sony and Tosc




succeed in developing a red-emitting diode laser which will directly compete
with He-Ne lasers.

Single diode lasers utilized in these commercial applications are not
practical for solid state laser pumping due to the low power outputs. How-
ever, in parallel with the mass production of single laser diodes in Japan,
went a development in the U.S. which is aimed at the fabrication of powerful
monolithic arrays. The development of these multistripe lasers was originally
pioneered by Xerox and Spectra Diode Laboratories, and now RCA, McDonnell
Douglas, TRW and GE in addition to several foreign companies, notably Siemens,
are working on diode arrays. The development of diode arrays follows two
different pathways. By fabricating multiple stripes on a single GaAs
substrate with small enough stripe-to-stripe spacing, one can produce an array
which "inherently" phase iocks.

The output from a phase-locked array can be focused on an almost diffrac-
tion limited spot. Industry motivation to develop phased arrays stems from
the potentia) applications in read/write optical memories and laser printers.
Since coherent arrays produce more power than single diode, they can increase
throughput or bit rate of these systems. Considerable interest for phased
arrafs has also centered on laser transmitters for ground based, point-to-
poin* communication links, and for certain classified military programs.

A technological spill-over of phase locked arrays is the development of -
incoherent arrays. Higher power levels and more stripes on a single chip can
be obtained if the concept of phase-locking is abandoned.

Significant progress has been made recently in developing the monolithic,
1inear laser diode array. Output power, slope efficiency, laser threshold and
wavelength control have all been dramatically improved due to a combination of
new structures and MOCVD growth techniques.

These incoherent arrays could become the building blocks for solid state

laser pumps. In contrast to applications for data storage or printing, laser




pumping does not require small focusable spot size, spectral purity, and !
noise. Incoherent arrays are lacking in these respects and their main
application is for laser pumping. State-of-the-art performance of linear
arrays is up to 40 W per cm. Commercially, devices with § W to 10 W per ¢
are available. Performance of planar arrays, produced by stacking linear
arrays, has reached the impressive level of 1 kH/cmZ. Efficiencies for tt
devices range from ¢5 to 50 percent. These performance levels are not ju:
achieved in a few singular laboratory devices. Several manufacturers are
capable of producing linear and planar arrays in large quantities to these
specifications. However, these devices are very expensive at present, anc
cost is the major obstacle which prevents the construction of practical
solid-state lasers based on diode pumping.

The prototype linear and planar arrays built to date, and the laser
performance which has been achieved, have clearly demonstrated that diode
pumping is no longer a question of technical feasibi ity, but rather a
question of economic viability.

Despite the prospect for more compact and efficient solid state lase:
afforded by diode laser pumping, and several potential applications incluc
free space opticél communications, medical lasers, remote sensing and 0.5:
illuminators, no market driver has been clearly identified yet, which wou’
lead to a major cost réduction of diode laser arrays.

Industrial applications could eventually become extensive enough to
sustain a large production rate, but in order to open the commercial mark:
the cost has to come down one to two orders of magnitude. This is turn
requires a large front end investment.

At the present time the development of laser diode pumped solid stat:
lasers is mainly pursued in two areas. The major effort for the design a:
fabrication of 2-D diode arrays is directed towards the development of a
source for blue-green lasers for submarine communications. A solid state
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laser pumped by laser diode arrays has many attractive features for a satel-
1ite based system.

High pulse energies are required for this application, and the configura-
tion best suited is the side pumped slab laser. McDonnell Douglas has
demonstrated the technical feasibility of such a device. Their Nd:YaG slab
laser pumped by 3.86 cm2 of planar arrays produces 100 m) in a Q-switched
pulse.

On the other side of the power spectrum are very small, end pumped Nd:YAG
jasers produced by several commercial firms. Careful matching of the pumps
profile and the resonator mode results in very efficient designs, up to
8 percent overall efficiency has been achieved. These devices which produce a
fraction of a watt of output power have also been Q-switched and frequency
doubled. Overall efficiencies of up to 10 percent are considered to be
feasible in diode-pumped Nd:YAG lasers.

In view of the rapidly growing interest in diode laser pumping of solid
state lasers, the work performed under this contract reviews the major issues
related to this exciting and potentially far reaching technology.

Chaoter 2 of this report describes the state-of-the-art of linear and two
dimensional laser diode arrays designed for pumping solid state lasers. The
newest device fabrication technologies, current and projected performance of
linear and planar arrays will be discussed.

Feasibilitv of procucing arrays and employing them as pump sources for
Nd:YAG lasers has now been demonstrated. There are no technological barriers
preventing the use of laser diode arrays for pumping of solid state lasers.
There is, however, currently an economic barrier. Due to the low production
volume manufacturing, costs are very high and must be reduced sharply before

widespread applications will emerge.




There are several U.S. and forefgn firms which have the capabflity t
implement a high volume array fabrication production facility provided a
market can be developed to warrant the investment associated with such a
facility (Spectra Diode Lab, McDonnell Douglas, TRW, G.E., Siemens, RCA).

In Chapter 3 the properties and performance of solid state lasers wh
have been pumped with diode laser arrays are summarized, and several new
potential candidate materials are discussed.

Due to its high gain and reasonable absorption coefficient, Nd:YAG i
most widely used material for diode pumping. Desirable properties of new
solid state lasers include a longer fluorescence lifetime, a broader abso
tion band and a higher absorption coefficient as compared to Nd:YAG. In
addition new laser materials could open up new wavelength regimes.

A long fluorescence lifetime of the lasing material reduces the peak
power requirements, and therefore the number of diodes needed to produce
given outpu’. cnergy. This is because laser diodes are low-energy devices
j.e. they are peak power limited. A broader absorption band as compared
Nd:YAG, allows operation of the diode array over a wider temperature regt

Particularly for military systems, a less stringent temperature cont
ler for the array, as is needed for Nd:YAG lasers, would be highly desire
A higher absorption coefficient than that obtained for the 808 nm line ir
Nd:YAG would lead to 2 higher pump efficiency in small, side-pumped laser

Potential solid state laser candidates include Nd:YLF, Ho:YLF, Nd:Lz
Nd:LNA. Properties of these materials will be discussed.

In Chzpter 4 important crystal geometrice and diode array pump confi

ations are discussed. The geometry of the laser must be chosen to achiev
pump intensities required for efficient operation as well as efficient e
tion over the entire pump volume.




At low powers, ihe focused end pump configuration meets these criteria.
At high energy per pulse applications, planar arrays and-slab configuration
appear to be optimum because high packaging densities can be achieved. If a
high repetition rate is also required, the heat dissipation from the arrays
rather than pump flux will become the 1imiting factor.

With the introduction of high-power laser dicde bars having emission
.Jengths of over 1 cm, new pump geometries must be conceived which provide the
required pump intensities and for extracting energy over the entire pump
volume.

One possible configuration has been thoroughly analyzed by FIBERTEK, Inc.
It is a cylindrical laser rod surrounded by linear arrays. The arrays are
mounted on long heat sink structures and contain cylindrical optics. The
optics allows the arrays to stand off from the laser crystal, which is
{mportant for cooling of the laser crystal and the arrays. In addition, with
a properly designed optical system, distribution of pump radfation can be
adjusted to match the cavity mode volume. A detailed ray trace program was
developed for this geometry which permits optimization of the system. The
laser arrays can be either arranged symetrically around the laser crystal, or
distributed in a2 half cylinder. In this case, the laser crystal is mounted in
a heat sink containing a back reflector.

In FIBERTEK, Inc.'s opinion, this geometry is very promising in bridging
the gap between high power applications met with slab designs, and low power
Jasers based on end pumping.

In Chapter 5 advanced heat exchanger designs are evaluated for cooling ’
of high density planar arrays. Currently developed arrays are capable of
1 kH/cm2 peak power. However K heat extraction is on the order of 10 H/cmz.
Advanced designs discussed in this report can increase the heat extraction

capabflity to about 100 H/cmz.




Unstable and stable resonator designs suitable for diode pumped laser
will be discussed in Chapter 6. The laser medium of a diode pumped systenm
thermally less strained as compared to an arc lamp system. Thermal lensir
and birefringence are less severe, therefore one can expect that a larger
fraction of the multi-mode output can be obtained in TEMOO mode. Resonatc
of particular interest are the stable, telescopic resonator, the confocal
negative branch resonator with aperture stop, and the confocal positive b
resonator with apodized aperture.

In Chapter 7 a detailed design of a cw pumped laser is provided whicl
produces 3 W of output power at 0.532 um. Such a laser may find applicat:
for underwater illuminators. The pump configuration selected is a sidepur
Nd:YAG rod pumped by 2 semicylindrical arrangement of linear laser dinde
arrays. A trade-off among cw intracavity doubling, mode-iocking, or
Q-switching led to the selection of a cw pumped, repetitively Q-switched,
intracavity doubled laser.

Chapter 8 contains the conclusion of this work, and the Appendices
include a complete listing of the computer program written for a sidepump
rod system and a floppy disk containing the menu driver design program.
addition severa! memos generated during the course of this program are
included.




2. DIODE ARRAY FABRICATION (Task 1)

In this section we will discuss diode fabrication technology, performance
and cost as related to devices useful for solid state laser pumping.

2.1 DEVICE FABRICATION TECHNOLOGY

. New device structures and fabrication methods have resulted in improve-
ments of efficiency, power output, packaging density and reliability of diode
lasers. These improvements which have a direct impact on the performance of
laser diodes as pump sources for solid state lasers will te discussed below.

Other developments such as improvements in spatial i-de zn¢ Deam pattern
stabi11ty, spectral purity, single logitudinal mode, and opcr:tiin at very
high modulation frequencies (several GHz) are primarily important for imaging
and communications applications and wiil not be further considered here.

2.1.1 Single Diodes

The structure of the first diode lasers was a homojunction (see Figure
2-1a). These diodes typically had threshold current densities of 40000 A/cme
and quantum efficiencies of 20 percent. Homojunction diode lasers are made
entirely of a single semiconductor compound, typically gallium arsenide, with
di fferent portions of the device having different dopings. The junction layer
is the interface between n- and p-doped regions of the came material.

The development of GaAlAs-GaAs single heterojunction laser diodes was a
very significant improvement. Threshold current density decreased to 8000
A/cm2 and quantum efficiency increased to 40 percent. 1In a single hetero-
junction diode, the active layer is sandwiched between two layers of different
chemical compositions, typically GaAs and GaAlAs, which have different band
gaps (see Figure 2-1b).

In the single heterojunction laser, the narrow layer serves as both the
recombination region and the optical cavity. Good optical confinement is
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Figure 2.1 Different diode laser structures:

(Ref. J.Hecht, Laser & Applications, Jan. 1984
a) Homojunction

b) Single heterojunction

¢) Double heterojunction

More details of the important double heterojunc
is shown in d).

Ref. D. Botez, I1EEE Spectrum June 1985, P. 43
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achieved by maintaining a relatively large difference between the indices of
refraction of the p and p+ regions. Thus, the recombination region and the
region of mode-guiding overlap to a large extent.

A further reduction in threshold current density (1000-3000 A/cmz) was
achieved with a double-heterojunction structure. The double-heterojunction
Jasers have an active layer bound by two layers of different material.

Usually the double-heterojunction laser is formed by a multiple-layer
epitaxial process and consists of a GaAlAs-GaAs-GaAlAs structure, with a thin
(about 0.5u ) GaAs active region. (See Figure 2-lc). Because the double-
heterojunction laser diode provides improved confinement to a narrower region, »
low threshold current densities are obtained. A detailed view of the double
heterostructure is shown in Figure 2-1d. These laser diodes have threshold
current densities low enough to operate continuously at room temperature.
Because the active region is thinner than those of the single-heterojunctior
Jasers the damage level is lower too. Therefore, these lasers have proven the
most suitable for continuous operation. They cannot produce pulses with high
peak power, but they can operate continuously or with high duty cycle at
moderate powers (milliwatts) at room temperature.

High peak powers in pulses less than 1 usec and with low duty cycles are
obtained with single heterojunction devices.

Pumping of solid state lasers such as Nd:YAG or Nd:YLF requires either a
cw source or a pulsed source with a pulse duration of 200-300 usec. Due to
the small heat capacity of the pn-junction of the laser diode, the latter
pulse width represents quasi-cw operation.

Therefore laser diodes with double-heterojunction structure are most
suitable for pumping either cw or Q-switched solid state lasers.

The most recent developments in high efficiency CW pumped laser diodes
are the multiple quantum well (MQW) structures and the graded index single
quantum wel)l (GRIN) structures.




In a MQW structure the active layer is divided into a number of extr:
thin sublayers with different band gaps. The potential wells thus formed
to improve the optical coupling between neighboring laser channels.

Multiple quantum well structures require the ability to prepare ultr
thin GaAs and Al Ga,_,As-layers. Wafers with different numbers of wells,
different well and barrier thicknesses are prepared by sever2l companies.
Commercial devices offered by Spectra Diode Labs contain as many as 15 la;
The semi-conductor layer structure consists of the substrate, cladding la;
quantum well layers, barrier layers, etc. The active zone typically cons
of four 130 A thick GaAlAs wells and three 40 A thick barrier layers.

The ability to profile the GaAs composition of the epilayers by MBE
MOCVD techniques also made possible the preparation of a laser with grade
index waveguide and separate carrier and optical confinements (GRIN-SCH).

Such structures provide not only separate confinement of 11ght and
carriers to provide further optimization poss1b111t1és for the threshold
current, but also ar arbitrarily graded index profile outside the carrier
confinement region. )

Instead of trapping electrons in a multiple well structure the GRIN
technology is based on a graded index structure to collect electrons and
funnel them into a single quantum well. The graded index region provides
the waveguide structure for the laser action.

- Graded index region achieved by
change of Al concentration

-— Quantum well
50-100 R thick




This technology, which is only about 12 months old, represents the state-
of-the-art in CW laser diode production. In order to produce single quantum
well structures, one needs special MOCVD equipment, which is capable of making
very sharp transitions. The quantum well structure essentially represents a
monatomic layer embedded in thick layers of different compositions. Companies
and organizations which have started to make graded index, single quantum wel)
structures fnclude: McDonnell Douglas, TRW, General Electric, and the
tniversity of Il1inois.

The performance of laser diodes based on the graded index, single quantum
well structure is about a factor two better than multiple quantum wel)
designs. For example quantum efficiencies at room temperature of 50 to 60
percent are routinely achieved. The output from a 6 um stripe is as high as
1.5 watts. For double heterostructures the output is typically 10 mW/um. For
single quantum well structures the output is 20-25 mWmum. The damage thres-
hold 1s considerably higher in single quantum well structures due to a lower
current density than multiple, quantum well structures. At the McDonnel)
Douglas R&D facility at Elmsford, New York, linear arrays yielding 20 watts
per cm have been fabricated. :

These devices consist of 60 um wide stripes spaced at 400 um centers.
(25 units with 0.8 W output each.)

The GRIN structure is the latest development in the evolution of laser
diodes which started with homojunction, single and double heterojunction and
Ted to multiple and single gquantum well structures. During this evolutionary
process quantum efficiency has been increased from a few percent to over
70 percent.

Devices with High Output Power

For solid state laser pumping, the maxihum power during a 200 usec pulse
and the maximum repetition rate capability are of interest. (See References
2.1 to 2.6)
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The first 1imitation relates to the power density at the emitting su
and the 1imit imposed by facet damage. The maximum repetition rate relat
the average power capability of the device and is determined by the desig
cooling of the heat sink.

The output powers of conventional gallium aluminum arsenide diode la
are limited by catastrophic optical damage. The destruction of the laser
facet is caused by absorption of laser radiation, which can reach intensi
of several megawatts per square centimeter at the facet. The active laye
a semiconductor laser is made of material which is highly absorptive at t
laser wavelength when current is not flowing through the p-n junction. U
bias, however, minority carriers are injected into the active layer, crea
a population inversion and thereby reversing its characteristics from
absorbing to gain-providing.

At the interface of the active layer with the external ambient, howe
electronic surface states provide higth efficient centers for nonradiati
recombination and deplete this inversion. This causes the active-layer
material in those regions of the facets to become absorbing. The heating
occurs because of this absorbed radiation causes the material's band gap
shrink, making the active layer even more strongly absorbing. The subseq
thermal runaway results in damage to the facet by localized melting.

Because catastrophic optical damage is determined by power density,
can increase the total power of a laser by spreading the beam over a larg

area of the output facet, or by increasing the damaje threshold cf the fa

A larger emitting surface can be achieved by either increasing the
thickness or the width of the lasing region.

Increase of the Thickness of the Emitting Surface -

Structures which widen the optical mode perpendicular to the plane ¢
junction, include the large optical cavity, the thin active layer and the
single gquantum well/separate confinement heterostructure. In all these




structures the optical wave is weakly guided by a thin active layer, causing
the mode to spread into the cladding layers.

For example, in the large optical cavity design the two regions of a
double-heterojunction iaser diode are separated by a wavequide region. This
layer is a lightly n-type doped material with a very low absorption coeffi-
cient at the lasing photon energy. As a result the thickness of that region
can be increased to reduce the optical flux density in the active region
without reducing external quantum efficiency.

Increase of the Width of the Emitting Surface

The available output power from laser diodes can be increased to some
extent by using multilayer waveguide structures as described above. However,
in order to effect order-of-magnitude improvemerts the beam must be expanded
laterally within the active region. In principle, the power can be spread out
parallel to the junction simply by increasing the active stripe width.

While the 1ight is tightly confined in the transverse direction, that.is
not the case in the lateral direction. At first look, it might appear that
1i{ght generated under the metallic contact will spread through the entire

plane of the active layer. However, the injection of carriers into the active

layer alters the refractive index of the active layer directly beneath the
electric contact. If the electric contact is shaped into a narrow stripe
(1ess than 8 micrometers wide) running the length of the diode, the profile of
the injected carriers provides a weak complex waveguide that confines the
1ight laterally--a mechanism commonly referred to as gain guiding. (See
Figure 2-2a and 2-2c.)

In the index-guided laser, in addition to confining the current via a
stripe, the 1ight is also confined or guided in the lateral plane by a region
of a higher refractive index than the outer regions. (See Figure 2-2b.)

Since the 1ight in these structures -is guided by variations in the real
refractive index of the various materials, the corresponding devices are known
as index-guided lasers. Index-guided lasers supporting only the fundamenta)




Figure 2.2 Wave-confining structure

a) Gain-guided structure (Ref. Dan Botez, IEEE Spect
b) Index guided structure June 1385, P. 43)

c) Detail of gain guided single-stripe laser
(Ref. P.S. Cross et al, Photinics Spectra 1984, |
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transverse mode therefore, they emit a single, well-collimated beam of light
whose intensity profile is a bell-shaped Guassian curve.

Although index guiding is considered more desirable for many applica-
tions, it is also a more difficult process to implement in semiconductor
production. Gain guiding does not put such serious demands on manufacturing
processes, leading to much lower costs. Today, gain guiding is the dominant
technique in commercial lasers.

Since the application of laser diodes for soiid state laser pumping does
not make any stringent demands on beam quality gain guided lasers will most
likely be the choice for a cost efficient design.

In a gain guided laser we could expect output power to increase linearly
with stripe width. Therefore one could consider preparing a wide-stripe laser
with a width of several hundred micrometers. Such broad-area lasers do emit
substantial power, but as a result of optical-field/injected charge inter-
_actions, they often lase in a mul titude of incoherent filaments. Also, the
large waveguide can support several transverse modes which generally change as
the driving current is increased.

The relatively poor optical quality of these wide stripe devices is not a
hinderance to their use as pump sources. However, the device susceptibility
to uncontrollable filamentary operation can lead to localized damage of the
faces and substantially reduce the life of the diodes.

In order to achieve more stable laser operation, a broad active stripe
can be divided into several nominally single-mode stripes. Multistripe

structures or linear arrays will be discussed in the next section.

2.1.2 Linear Arrays

The high structural and compositional uniformity of epitaxial layers
grown by recently developed methods allows the integration on one and the same
substrate cf a large number of semiconductor lasers arranged side by side.
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The original objective of this effort was to obtain higher power levels ir
stable radiation pattern than those available from a'single laser. The
lateral optical coupling of closely spaced laser resonators provides, howe
certain additional features such as the phase-locked operation.

Crystal growth of (GaAl)As is currently carried out in one of three
1iquid-phase epitaxy (LPE); metal-organic chemical vapor deposition (MO-C'
or molecular-beam epitaxy (MBE). The first of these methods is the tradi.
tional technique, while the latter two. have only become available more
recently. Although both MO-CVD and MBE are perhaps more difficult and co
to implement than LPE, they are capable of the much finer compositional a
dimensional control required for successful, reproducible growth of large
array diode lasers.

Furthermore, MOCVD and MBE are better suited to economical high-yiel
mass production of conventional lasers, and should supplant LPE in the ve
near future.

After growth, various processing steps including photolithography, p
implantation, metallization, crystal cleaving, sawing, soldering, and lea
bonding are implemented to produce approximately 1000 lasers from each sq
centimeter.

The stripes are formed by a spatial variation of injected current or
material composition (index-guided). The main attraction of stripe-geome
lasers is their ability to 1imit the number of modes in which the laser ¢
oscillate, with the general goal being a single spatial mode and better o
quality than the multimode beams produced by wide stripe diode lasers.

Multistripe systems can be fabricated as coherent or incoherent arra
In the coherent design each stripe operates in the fundamental transverse
and is evanescently coupled to the adjacent stripes. Since the stripes a
close proximity to each other and since the gain-guides do not tightly co
the 1ight laterally, the optical mode beneath each stripe couples via




evanescent waves to its neighbors. Thus the array of optical fields becomes
locked in phase, and, if the phase difference between acjacent stripes is
zero, the lateral radiation pattern consists of a single narrow lobe.

At higher power levels, neighboring array elements generally lase 180°
out of phase to each other. This phenomenon produces a two-lobed "rabbit-ear"
far-field pattern, which cannot be focused to a single spot.

At output power levels of 100 to 500 mW phased arrays generate well
collimated output beams.

For side pumping of laser slabs or cylindrical crystals, phase coherence
of the output beam is not required because the radiation pattern does not have
to be tightly imaged into a small spot. Therefore incoherent ’inear arrays
are employed for solid state laser pumping. Incoherent arrays have an
optically insulating layer between the active stripes. Therefore, each stripe
represents an independent layer. This has the advantage that a very large
number of stripes can be built on a monolithic substrate. For example, a 25 W
device produced by Spectra Diode Lab has 1000 stripes. In coherent arrays,
the tctal width cannot exceed a certain limit, otherwise spontaneous emission
and lateral lasing will occur.

Incoherent arrays can be stacked in length to any practical sice.
Typically, linear arrays are made from modules containing for example, in the
case of a 1W Siemens laser, 36 stripes. Up to five modules can be mounted on
a common heat sink to produce a 5 W incoherent array.

Figure 2-3 shows schematic diagrams of phase-iocked and incoherent linear
arrays.

The catastrophic optical damage mechanism, described earlier, which
results from absorption of the active region at the facet, can be avoided in a
new class of structures: they are the nonabsorbing facet or "window" lasers.
In these devices the active layer does not extend to the facet. Since the
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Figure 2.5 Frhase-locked and incoherent linear arrays{ ©,¢%,

{Ref. P.S. Cross, Photonics Spectra, Sept. 1984
P. 79 and D.R. Scaises et al, sppl. Lett. vol.
Feb. 1979, P. 259)
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active layer is isolated from the surface, no absorbing regions exist and
catastrophic optical damage is avoided.

Figure 2-4 is a diagram of one such geometry. The interior of this
structure is identical to that of a nonwindow heterostructure laser and
consists of a thin (approximately 100 nanometers) n-type AgAlAs layer
sandwiched between upper and lower cladding layers of p- and n-type GaAlAs,
respectively. The aluminum content of each of the cladding layers is higher
than that of the active layer. This double heterostructure is embedded in a
current-blocking structure consisting ot an n-GaAlAs layer overlying one of
p-GaAlAs, forming a reverse biased p-n junction. The aluminum concentrations
of the blocking layers are similar to those of the cladding layers. The lower
aluminum fraction of the active layer gives it a higher refractive index than
its neighboring layers, resulting in transverse confinement for light
traveling along the laser cavity. The window laser differs from the conven-
tiona) buried heterostructure (BH) laser in the facet region, where the double
heterostructure is replaced by AsAlAs of the same aluminum concentration as
the blocking layers. At the laser's output wavelength, the absorption '
coefficient of this material is smallier than that of unpumped active-layer
GaAlAs by several orders of magnitude. The facet can therefore be considered
for all practical purposes to be transparent, and optical damage is
eliminated.

The combination of monoiithic multistripe laser diodes with a window
structure may be the optimum configuration for solid state laser pumping.
This way the emitting surface is increased and the damage threshold {s raised.

2.1.3 Two-Dimensional Arrays

a) Stacked 2-D Arrays

The only viable approach so far, demonstrated for fabricating high power
2-D arrays of diode lasers, begins by subassembling extended 1inear arrays or

"bars® (up to about 1 cm) of individual stripe lasers, and then stacking these
1inear arrays to form a 2-D array. The major process steps required to
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fabricate the 2-D structure are shown schematically in Figure 2-5. The
process starts by growing a sequence of layers of AlGaAs on a GaAs substrate
(typically "D" shaped about 2" in diameter) using Metallorganic Chemical Vapor
Deposition (MOCVD). These layers serve to provide carrier and optical
confinement to. achieve good lasing efficiency. Next the stripe laser patterns
are produced photolithographically and the contact metallizations are
deposited. The wafer is then separated into one cm long, linear arrays by
cleaving along crystal planes to form the laser cavity mirrors. Dielectric
coatings are applied to the facets as soon as possible to inhibit degradation
and to prevent light from being lost out the back facet.

The laser bars are next soldered onto mounting plates made of a materia}l
with high termal conductivity and with a coefficient of expansion that matches
GaAs. Examples of such materials are BeO and Cu/W composites. A spacer plate
is then attached to the mounting plate to provide adequate clearance between
layers in the 2-D stack. The spacers can also serve as wirebonding pads and
as additional thermal conduction paths to remove heat dissipated'in the laser
bars. Finally, the 1inear subassemblies are stacked to form the 2-D array.

b) Monolithic Two-Dimensional Arrays

The basic method of stacking up linear arrays to create 2-D arrays
requires a large number of fabrication processes. An intuitively appealing
alternative approach is to fabricate two-dimensional arrays directly at the
wafer stage, thereby substantially reducing the manufacturing complexity. At
present, there is only limited research being conducted on such "surface
emitting” laser structures, and the results to date have been relatively poor.
For example, cw room temperature operation has only been possible at very low
power density using InGaAsP material and has not been achieved at all with
AlGaAs. Nevertheless, the potential for emulating the silicon VLSI revolution
makes this “high risk-high potential" approach attractive, especially for very
high volume applications.

Two potential configurations for achieving surface emission are shown in
Figure 2-6. The first (Figure 2-6a) is a "horizontal" distributed Bragg
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reflector (DBR) structure that employs a second order grating (period is
200 nm) in or near the active layer to provide the feedback necessary fo
laser operation and tc couple light out of the active region as shown.
current is injected into the center of the structure (where there is no
grating) to create optical gain, and the light is coupled out in the “wi
regions over the gratings where the metallization has been removed. In
to efficiently remove the waste heat, the structure must be bonded epi-s
down to a heatsink that is prcbably metallic and optically opaque. As a
result, the light must couple out through the substrate side of the wafe
which in turn must consist, for example, of AlGaAs with high Al content
minimize absorption of the 1ight as it passes through.

A second configuration (Figure 2-6b) is a “vertical" DBR structure
which the periodic reflectors are grown during the MOCVD epitaxial layer
growth. The injected current will now ideally flow horizontally through
active (egion as shown and then out through the substrate. As with the
horizontal DBR, the vertical structure must be bonded epi-side down and
transparent substrate.

In any planar 2-D configuration, the individual active elements wil
arrayed across the surface c¢f an entire wafer. As an example, a plan vi
a wafer section containing horizontal DBR lasers is shown in Figure 2-7.
grating regions can be seen arranged in rows separated by the active reg
The top surface is largely covered with metal to carry the current to th
active regions, but there are openings in the metal to aliow the light ¢t
escape. The typical size of each active element might be about 10 um by
250 um, with 10 um separations between rows of elements. Assuming that
50 percent of the total surface can be covered with active elements and
each element emits 50 mW (consistent with power densities in conventiona
laser diodes), the 2-D structure has a power density of about 1 kH/cmz.
valuye is essentially the same as that obtained with the stacked 2-D arra
structure and therefore can be considered as an interchangeable approach
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Figure 2.7
Wafer section containing horizontal distributed Bragg reflectors

(Ref. D. Scifres, Spectra Diode Lab, White paper prepared
for LLNL, June 1986)
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Some of the technical challenges that must be overcome in order to
utilize a monolithic 2-D array include:

¢ Reducing the electrical resistance of the top metallization to an
acceptable value which may require thicknesses up to 1 mm
e Achieving low thermal resistance to the heat sink over extended a

e Developing a transparent substrate technology in the AlGaAs mater
system, and :

e Geting high yield through wafer fabrication wﬁich would require v
low defect densities and redundant designs.

2.2 PERFORMANCE OF _INEAR AND 2-D ARRAYS

In this section we will briefly discuss currently realized, as well
near term projected, performance levels of laser diode arrays suitable fc
solid state laser pumping. Parameters of particular interest are power
output, efficiency, wavelength and 1ifetime.

2.2.1 Cutput Power

Through a combination of improved device technology, and integratior
an increasing number of devices into arrays, laser diodes have achieved ¢
higher optical output levels in recent years. A number of companies suct
Spectra Diode Laboratories, Ortel, Siemens and Mitsubishi offer coherent
incoherent linear diode arrays for the commercial market. In addition, :
number of companies such as McDonnell Douglas, TRW, RCA and GE are invol:
the fabrication of arrays for military applications.

The power levels of laser diode arrays mentioned below are for quas"
laser diodes, i.e. for pulsewidth longer than a2 few microseconds. Since
pumping of a Nd:YAG laser requires pulselength on the order of 200 usec
potential diode pump sources for Nd lasers operate in the quasi-cw mode.

Diode lasers capable of very high peak power have been in existance
many years, but these devices typically operate only under short pulse (:
100 nenoseconds) and low~duty-cycle conditions.




As the pulse width of a typical aluminum gallium arsenide diode laser is
increased, its maximum peak power capability decreases, as shown in Figure
2-8. The cause of this limitation is catastrophic facet degradation, a
process whereby optical energy is absorbed near the facet, initiating a
thermal runaway condition that raises the local temperature of the facet to
the melting point. Because of the small volume of material involvd in this
process, catastrophic facet damage can occur in less than one microsecond.
Ror pulses longer than a few microseconds, the heat generated by optical
absorption diffuses out of the laser material, and the catastrophic damage
1imit for diode lasers operated in long-pulse mode approaches the cw damage
1imit. Thus, long-pulse operation (> > 1 us) 1s also called quasi-cw
operation.

Figure 2-9 shows the peak power pulse width relationship of a commercial
diode array (SDL-2410-C). .

We also note that the structures discussed below have incoherent outputs,
because the stripes are separated by isolation regions, which prevent phase-
locking. By forming these laterally isolated regions high power laser diode
arrays can be fabricated by merely adding more stripes. Otherwise, as the
width of the laser approaches and exceeds the cavity length, transverse lasing
and amplified spontaneous emission compete for carriers, and the desired laser
action is diminished.

Linear Arrays

As examples of state-of-the-art linear arrays suitable for Nd:laser
pumping, we will consider arrays made by Spectra Diode Laboratories, McDcnnell
Douglas and Siemens. SDL is clearly the leader in the fabrication of coherent
and noncoherent laser diode arrays for commercial use. A state-of-the-art
array is a 1,000 stripe device with a 25 watt output in a 200 usec pulse
across a one centimeter bar. In this design the individual stripe produces 25
mW, which is low erough to guarantee good lifetime. Another design having a
lower packaging density (20 percent of the bar length) produces 11 watts.

This power level is generated by twenty, 10-stripe lasers. Each stripe
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occupies 100 um of facet length, and the stripes are spaced on 500.um centers.
The device was operated at a repetition rate of 50 Hz by applying current
pulses 150 usec long. Figure 2-10 shows a plot of output power versus diode
current. The maximum peak current was 11 W at 17.3 A and the best slope
efficiency was 0.96 W/A. This corresponds of a 61 percent quantum efficiency.
The maximum conversion efficiency of optical power output to electrical power
input was 27 percent.

L]

At McDonnell Douglas a large number of bars are fabricated from wafers
received from Siemens and Hewlett Packard. The bars are assembied into 2-D
arrays. Typical output per bar is 25 W. In some cases as much as 60 W/cm has
been achieved.

The latter performance is the result of the graded index, single quantum
well design of diodes fabricated either with MOCVD or MBE techniques.

In order to illustrate the progress made with multistripe laser diodes we
have listed the progression of output powers achieved from devices made by SOL
over the last two years.

Number of Aperture Width Output Power
Stripes mm W
40 0.4 2.5
140 0.8 4.0
100 1.0 5.4
200 10.0 11.0
1000 10.0 25.0

A ten-fold improvement in power was achieved within two years.
From the data shown above, we see that the power output per stripe ranges

from 25 mW to 60 mW. As was discussed before, facet damage sets the upper
1imit for the power emitted from one stripe.
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However, if the gain guided, double-heterojunction multiple "stripe"
geometry is combined with the window-laser approach, 100 mW per stripe seems
quite achievable. This will lead to one cm bars capable of 100 W output in a
200 usec pulse.

Similarly high output powers are projected for gradient index, single
quantum well structures which have a higher damage threshold compared to
double heterostructure devices.

Standard commercial devices offered by SDL and Siemens have an output of
5 W "quasi-CW" and consist of 140 and 180 stripes respectively. In the
Siemens design, each stripe is 1% um wide and 300;;m long. The average power
or duty cycle of these devices is determined by the heat dissipation
capability of the mounting structure.

2-D Arrays

Only one company, McDonnell Douglas, has currently the fabrication
capability to produce stacked 2-D arrays. The company has developed the
technology to produce arrays with an output power of one kw/cm2 fir 200 um
tong pulsés. (See Figure 2-11.)

For example, one 0.5 cm2

array produced 475 W peak power in a 200 ysec
long pulse. The array is made up by stacking 20 bars each one cm long. Each
bar produces 24 W and is fabricated from 120 um wide, 10 stripe modules.

About 80 modules are mounted on a one cm bar.

McDonnell Douglas has fabricated a number of 2-D arrays ranging from 0.5

2 2

cm® to several cm® in area.

The largest 2-D stacked array built to date is comprised of seven
subarrays each having an area of 0.55 cmz. Each subarray produces a peak
power of 413 W in a 21€ usec long pulse, therefore a total energy per pulse of

620 mJ is achieved from the 3.85 cm2 array. The electrical input into each

subarray is 58A at 30 V which results in an optical output to input efficiency
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of 24 percent. The array was employed to pump a Q-switched Nd:YaG slab laser.
Details of the performance of the laser will be given in Section 4.3.

The power density of about one kH/cm2 which can be achieved from these
arrays is limited by the laser diode fabrication technology. The achievable
average power is determined by the heat sink. The arrays mentioned above are
typically pulsed at S50 Hz, i.e. the duty cycle is around 1 percent. Therefore
the average power from an array is typically 10 H/cmz.

Utilizing advanced heat sink designs (see Section 5) it is expected that
this 1imit can be raised to (100 to 200) N/cmz.

The output levels mentioned above have been achieved with arrays
operating at (20-25 percent) overall efficiency. Clearly if the efficiency
can be increased (i.e. window laser, GRIN structures, etc.) the heat loading
will decrease accordingly and higher average powers can be achieved.

2.2.2 Efficiency

The energy conversion efficiency of a laser diode depends on:

a) Internal quantum efficiency

b} Electrical series resistance

¢) Threshold current

d) Operating point of the laser relative to the threshold current.

Improvements of the items a to ¢ can be achieved by optimizing the internal
structure of the laser through parameters such as layer thickness, composition
and doping concentrations. Item d requires that the laser be operated at very
high output power densities. This is {llustrated in Figure 2-12, with plots
of the 1ight versus current and power conversion efficiency versus current for
a 10 stripe laser operation in quasi-cw (150 usec pulse) mode. Up to thres-
hold (200 MA), the conversion efficiency is nearly zero because 1ittle power
is emitted below threshold. However, the efficiency rises rapidly above
threshold to about 35 percent at 800 MW output. This peak value of efficiency
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is set primarily by the differential quantum efficiency and electrical series
resistance. Since the maximum efficiency occurs at very high power (near the
catastrophic damage 1imit, in fact), the ocutput facet will degrade rapidly.
Therefore, in order to achieve the highest possible power conversion
efficiency, it will be necessary tc minimize the facet degradation associated
with high power density.

The performance of commercially available laser diodes and arrays is
usually expressed in terms of slope efficiency. This eliminates the need for
stating specific operating points at which a particular overall efficiency is
achieved. With the threshold current and slope efficiency given, the overall
efficiency for a particular operating point can be calculated.

Commercially available devices have slope efficiencies on the order of
25 percent. Index guided, single quantum wells structures achieve slnpe
efficiency 40-50 percent on the average. Individual bars can be higher than
that. Also in the window laser, a slope efficiency well over 50 percent has
been achieved.

Projections from several researchers indicate that slope efficiencies of
60 of 70 percent will be achieved for laser diodes within the next five years.

The conversion efficiency of a diode array not only has a direct
influence on the overall efficiency or the solid state laser but also is one
of the key parameters determining the design of 2-D arrays. As will be
discussed in more detail in Section 5, heat dissipation'1n a 2-D array is the
1imiting factor with regard to average power from the laser. The average
power of the laser can be increased by increasing the efficiency of the laser
arrays. At present, the projected, reproducible conversion efficiency of the
2-D arrays 1s about 20 percent. Therefore, for every watt emitted, 4 watts
are dissipated. On the other hand, graded index, single quantum well struc-
tures have consistently exhibited conversion efficiencies of 40 percent and
higher. 1In this case, only 1.5 watts are dissipated for every watt emitted--
a reduction of over 60 percent. Thus, the average emitted power could be




increased a factor of 2.6 without increasing the total dissipated power ¢
array. It is readily apparent that tremendous gains in average output pc
can be made by increasing the diode efficiency above 20 percent. Such
improvements would be crucial in applications requiring high repetition
high power density or where high conversion efficiency itself is a prima
parameter.

2.2.3 Lifetime Considerations

One of the several attractions of diode lasers is their long lifetir
Room-temperature values now approach 105 hours at cw output powers of a -
milliwatts per stripe. '

Operating 1ifetimes generally range in the tens of thousands of hou
double-heterojunction GaAlAs lasers emitting about 10 to 20 milliwatts a
temperature.

Lifetime was a serious problem with early diode lasers, but fabrica
technologies have addressed reliability issues, and as a result diode la:
have achieved the impressive operating 1ifetimes mentioned above. In ge
1ifetime is longer for diode lasers with lower threshold currents, refle
a general tendency for degradation to increase with operating current.
low-threshold laser structures come into commercial use, laser 1ifetimes
should continue to increase. Individual diodes in an array can fail for
variety of reasons, and laser diode degradation can be broadly attribute:
three major causes:

o Damage to the laser mirrors (facets) which reduces thefr reflect
or increases the nonradiative carrier recombinatifon at the facet

o Ohmic contact degradation which increases the electrical and the
resistance of the laser, and

o Internal damage, which results from the formation or movement of
lattice defects into the active region of the laser, decreases t
internal quantum efficiency and increases the optical absorption




The degradation modes of facet mirror damage, contact degradation and
internal damage have been extensively studied by laser diode manufacturers.

For this study, data have beer made available from McDonnell Douglas,
Siemens and Spectra Diode Laboratories. Some indications of laser l{fetime
come from accelerated aging tests, in which the laser runs well above room
temperature (e.g. above 70%¢) for long intervals. Extrapolation of high-
temperature degradation rates can indicate room-temperature 1ifetime.

As an example, Figure 2-13 shows the results of extensive life tests
performed at SDL on a multistripe laser.

Specifically, 10-stripe MQW lasers in the 8l0-nanometer region were
operated at 100-mW cw output, and the drive currents were monitored as a
function of time for heatsink temperatures of 30°C, 70°C, and 100°C.

After screening for {nfant mortalities at 70°C, two Yaser 11ifetimes were
determined for-each temperature. The 1ifetime for gradual degradation was
obtained by extrapolating the operating current to twice its initial value,
using the measured degradation rate. The 1ifetime for catastrophic failure
was the actual elapsed time before sudden failure occurred. Figure 2-13 shows
plots of the cumulative failures as a function of time for both 1ifetimes at
70°¢ and 100°C. At 30°C only the extrapolated failures due to gradual degrad-
ation are shown, because only one abrupt failure occurred at this temperature.

From this investigation, three failure modes were {dentified: 1) sudden
failure during burn-in (screening), which is related to the formation of dark
1ine defects; 2) gradual degradation, which is observed at all temperatures;
and 3) sudden failure related to increases in thermal resistance (attributable
to failure of the bonding metallizations) at the higher temperatures. The
best lasers exhibited degradation rates of 5 to 10 percent per thousand hours
at 70°C. Below 30°C the gradual degradation mechanism is the primary method of
failure. At 30°C the estimated mean time to failure for the 100-mW cw

10-stripe diode laser is more than 31,000 hours (median lifetime is more than
22,000 hours).
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P. Cross et al, Lasers & Applications April 1

2-32




McDonnell Douglas reports that accelerated life tests indicate mean time
to failure up to 105 hours. It has been observed that failure of an individ-
ual diode does not short out an entire array, because the bulk resistance is
sufficiently high to cause a redistribution of the current. Lifetime esti-
mates for arrays which are operated within their proper temperature limits are
on the order of five to ten years continuous operation.

. Figure 2-14 shows the result of a still continuing 1ifetest. After an
initial drop in power during the burn-in phase, the output did not decrease
noticeably during the next 3000 hours. This time is equivalent to 4 x 1010
shots at a pulse width of 200 usec. The projected long lifetime of these
arrays compared to flashlamps for example, is one of the major reasons for
DARPA's interest in these devices for space-based solid state lasers.

Figure 2-15 shows the optical output history of a 0.45 cm2 array
fabricated from sixteen 9 mm bars. The measured electrical conversion
efficiency was 26.4 percent. A pulse repetition rate of 50 Hz was selected to
accelerate the test. Figure 2-16 shows the power output versus current for
the array at the beginning and at 109 shots. As can be seen from these
curves, the output power of the array was about 70 percent of the initial
value after 109 shots.

Another data point regarding lifetime can be obtained from a commercial
manufacturer of laser diodes. Siemens is offering one cm long linear arrays
made from 180 stripes with an output power of 5 W. The company guarantees
10,000 hours 1ifetime for these devices.

2.2.4 Spectral Properties

The spectral properties of laser diode arrays which are most critical for
the pumping of solid state lasers are the center wavelength of the emicsion,
the spectral with of the array and the wavelength shift with temperature.

Wavelength of a diode laser depends primarily on the bandgap of the
material in which the electrons and holes recombine. In a binary compound
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1ike gallium arsenide the bandgap has only one possible value. Where the
relative proportions of different elements car vary, including ternary
compounds like GaAlAs and quaterrary compounds such as InGaAsP, a range o
possible wavelengths can be obtained as shown.

Nd ions in a number of hosts such as YAG, YLF and glass have substan
absorption in the vicinity of 0.807 um, which is the emission wavelength
diode lasers with Gao.91A10.09As active regions. As far as pumping of Nd
lasers is concerned the output waveliength can be tailored to the peak
absorption by adjustments of the Al concentrations. Typically a change i
concentration of 1 percent, results in a IOX change in wavelength.

More difficult to achieve is a narrow spectral width in an array. T
bandwidth of the Nd:YAG absorption line at 808 nm is 20 A for an absorpti
ccefficient larger than 3.8 cm'l. Individual laser diodes have a spectra

width of 20 to 40 A full width, half maximum.

Compositional changes and temperature gradients within an array lead
much broader spectral output for the whole array as compar2d to a single
device.

In a GaAlAs structure the peak emission changes 33/c. Therefore, ir
order to keep the spectral output from an array within the peak absorptic
region of Nd:YAG, the compositional variation has to be controlled within
fraction of 1 percent Al, and the temperature variation across the array
to be kept below 20°C.

The question arises, what other solid state lasers, besides Nd, can
pumped with laser diodes?

By varying the composition of Gal_xA1xA1 laser diodes, the band gaps
be tuned, and output wavelength between 770 and 900 nm can be achieved.
long as the potential lasing material has good absorption between 770 nm
900 nm GaAlAs laser diodes are the obvious choice.
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There are two necec¢:airy material-related requirements fcr the creation of
a room temperature CW diode laser: a direct bandgap I!lI-V compound that emits
light efficiently, and availability of a binary IIlI-V compound substrate
material with lattice-constant-matching-alloy compounds so that heterojunction
can be created.

In ternary and quaternary compounds a range of possible wavelength can be
obtained, as shown in Figure 2-17. But not all wavelengths depicted in Figure
2-17 are attainable. Some compounds lack the direct bandgap energy-level
structure needed for efficient production of light; these indirect bandgap
materials are not suitable for use as diode lasers. Another difficulty is
that ternary or quaternary compounds are grown on substrates of binary
compounds for the growth to proceed properly, the spacing of atoms in the
substrate must be close to that in the compounds being grown. The development
of strained-layer superlattice structures may enhance the range of compounds
that can be grown, but at present, only a limited range of diode-laser
materials are used commercially as shcwn in Table 2-1.

while pulsed lasers are made in the wavelength range between 0.9 and
1.2 ym, the difference in bandgap energy and index of refraction between
InGaAsP and InP is not large enough to confine the injected electrons and
holes or the light, and hence, low threshold lasers cannot be achieved.
Through materials research efforts to reduce defects propagating from the
substrate/epitaxial layer interface, the lattice match requirement may be
relaxed in the future such that reliable, low threshold InGaP/InGaAs lasers
could be made reproducibly.

Laser diodes with emission wavelength shorter than 700 nm are in demand
as 1ight sources of data processing equipment, bar code readers in super-
markets, and as a replacements for HeNe lasers. In particular several
Japanese companies such as Toshiba, NEC and Sony are very active in the
development of short wavelength laser diodes. These companies have all
developed new experimental diode lasers made from InGaAlP. Continuous wave
visible wavelength operation has been achieved at room temperature with
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! Material Commerciaily Availlable
i Waveiengths

{ (nm)

i GaAs 904

. GaAlas 770 to 900

! IinGaAs 1060

| InGaAsP 1300 to 1550

Table 2.1 Wavelengths of Commercial III-VI Diode Lasers

(Ref., 5. Hecht, lasers § Applications, Jan.
1984, P. 61)
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wavelength ranging from 670-690 nm. Maximum cw output is 20 riW. The device
was produced by MOCVD, thin layers of InGaAlAs and InGaP could be grown on a
GaAs substrate.

The technology of these new compounds will have to be developed further
in order to overcome reliability problems.

Device-material changes require the longest development cycle, and diode
lasers with good CW properties between 0.65 and 0.78 um are still three to
five years away. Emission wavelength shorter than about 0.6 um is not
technologically straightforward based on what we now know. There are at
present no efficient (greater than 25 percent internal efficiency) LED's or
direct bandgap materials with emission wavelengths much shorter than 0.65 um,
and even n- and p-type doping in such high-bandgap materials is difficult due
to self-compensation.

Even if such lasers were developed, the high density of electron hole
recombination and the high energies released during nonradiative transitions
in these high bandgap materials will probably lead to fast degradation.
Yellow, green, and blue diode lasers will probably not be available within the
next ten years.

2.3 COST PROJECTIONS

In this section an attempt will be made to relate the price of laser
diode arrays to performance and production quantities.

The cost of laser diode arrays is the biggest hinderance to their use for
laser diode pumping. Therefore a good understanding of the relationship
between cost and production quantities is very important in projecting the




potential of these pump sources for solid state lasers. Our projections ar
based on the following inputs:

o Current prices:

Linear and 2-D arrays are currently fabricated in small quantities
which can best be described as pilot prcduction runs. Linear arra)
up to the 5W output levei are commercially available, whereas more
powerful linear arrays and all 2-D arrays are built essentially on
single unit basis, under Government sponsorship. The current cost
these devices will therefore establish an upper 1imit. On the othe
hand, since laser diodes for use in disk players are manufactured !
the millions, the cost of these devices will therefore establish a
lower bound.

¢ Quotations for Limited Procuction Runs
FIBERTEK, Inc. did approach several major manufacturers of linear
arrays for quotations of laser quantities of their existing device:
Quotations for production runs of up to 10,000 units have been
‘received.

o Projections by Laser Diode Manufacturers
As a result of visits and discussions with personnel from Spectra
Diode Laboratories, RCA, McDonnell Douglas, Siemens, SPIRE and Nigt
Vision Laboratcry, valuable insight and information was gained
regarding the cost drivers in the cost-quantity relationship. In
particular, Spectra Diode Laboratory made available to us a cost
analysis they performed for Lawrence Livermore National Laboratory
regarding large scale fabrication of 2-D arrays.

It is also worth mentioning, that this particular technology is chang:
very rapidly. For example, projection regarding performance and cost of 1.
diode arrays which would have been purely speculative about a year ago,
manufacturers are now willing to submit firm quotations.

The activity in laser diode array fabrication is mainly due to a
potentially large market of coherent arrays for laser printers and related
applications requiring high power. Incoherent arrays are a spin-off of th
activity and the prime motivation for companies to invest in this area ster
from several large military programs. Also a contribution to this activit:
the realization by several manufacturers that industrial applications coui-
eventually become large enodgh to absorb a large production quantity of la:
diode arrays. However, a market driver for cost reduction of incoherent

drivers has not been clecrly identified yet.




Laser diode pumped solid state lasers could replace lamp pumped systems
in applications where the size of the system, efficiency, or maintenance time
and expenses are important enough to outweigh the higher investment cost.

‘The history of the semiconductor industry gives some reason to hope that
prices will drop even more rapidly than projected. There is a certain
analogy between the transistor and integrated circuits and single laser diodes
and multistripe arrays. In the past, individual diodes were mounted on a heat
sink and connected electrically. Now up to several hundred stripes can be
produced on one bar. Each stripe is more powerful than an individual diode
about 10 years ago. The ultimate 1imit is about 1000 stripes per bar. For
example Spectra Diode Laboratory producd 2 1000 stripe 1inear array with an
output of 25 watts. The power increased about 1000 fold, and the cost came
down by about the same factor over a 10 year span.

2.3.1 Single Devices

Single laser diodes employed in compact disk players, printers and
memories are mass produced at a rate of approximately six milligp units a year
by Japanese manufacturers such as Sharp Electric Company, Mitsubishi and Sony
Corporation. These AlGaAs laser diodes emit at 780 nanometers and have output
powers between five and ten nW. The devices have been made by the liquid-
phase epfitaxial method so far, but the Japanese industry is switching over to
MOCYD in order to get higher yield and better quality control.

The price for these diocdes is about $8.00 per unit. This price clearly
demonstrates the economy of scale which can be achieved at large production
runs.

In contrast to these mass produced units are long wavelength emitters for
telecommunications which lase at 1300 nm. Production quant{ties are in the
few thousands and the price is $800.00. Industry sources indicated that {1f
the demand for communication devices equaled that of compact disk players, the
price would become similar to that of the A1GaAs diodes.
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Two companies, Spectra Diode Laboratories and Siemens, provided cost
and gquotations for production runs up to 10,000 units. Also both companie
gave preliminary cost figures for larger production quantities.

Spectra Diode Lab/25W Array

This array is mounted on a one cm long bar. Output peak power is 25
for a pulse width of 150 usec. The maximum repetition rate, 1imited by
thermal dissipation, is 50 Hz. Therefore the device has an average power
capability of 200 mW. As a result of an individual contract, SDL built on
device at an original cost of $50,000. The device is offered for sale now
$12,000 in quantities of at least 10 units. In production quantities of
Jeast 10,000 units the cost will be around $500.00 and at production rates
100,000 units the cost is expected to decrease to $200.00. Produced in th
millions the cost could become as low as $50.00. At that level, the total
materials cost and the cost of the mount becomes a significant part of the
final price,' Personnel from SOL estimated that the breakdown is on the or
of $20 for the mount and $30 for the device. The relatively high cost of
mount stems from the material cost and high fabrication cost due to the
toxicity of the materials. 1In order to match the thermal expansion coeff
cient, the bars are mounted on one cm by one cm and 250 um thick Be0O heat
sinks.

§1emens

The company is offering on a commercial basis a 5W 1inear array made
from 180 stripes. Each stripe is 300/m long and 15 um wide. The stripes
grouped in modules of 36 stripes. Five modules comprise a one cm long bar
The linear array sells for approximately $3,000 in quantities up to 10 um
At a production quantity of 10,000 units, this price drops to $300. Above
that number, Siemens personnel indicated that for every 10 fold fncrease
production the price will drop a factor of two.




2.3.3 Two-Dimensional Arrays

Two-dimensional arrays are currently fabricated 6n1y by McDonnell
Douglas. Their standard module is 0.5 cm? made from one cm wide bars. Output
power from one array is between 450 W and 475 W. Several arrays were made
available to a number of Government Laboratories at a single unit cost of
about $250,000.

' Spectra Diode Laboratory is very much interested in entering the field of
2-D stacked array production. The company performed a cost analysis which
relates the selling price of these units to the quantities produced. The cost
analysis was derived by a careful evaluation of all the steps necessary to
make these arrays. A large number of steps is involved in the manufacturing
process of 2-D arrays. These steps include wafer fabrication, generation of
stripe patterns, metallization of contacts, wafer separation, application of
dielectric coatings, soldering of bars to mounting plates and stacking of the

. arrays.

The result of SDL's cost projections show, that a one cm?_array producing

one kW of peak power in a 200 usec pulse can be built for $125,000, at a
production quantity of 25 units. For 100 and 500 units, the price drops to
$62,000 and $22,000, respectively. :

The most labor intensive processes are bar fabrication and linear array
assembly. Cost reduction through manufacturing engineering to improve
productivity and yield, 1t was felt by SDL personnel, could drop the price to
$13,500.

After having made these improvements in yield, productivity and materials
savings, economies of scale will decrease the price to $7,500 if the produc-
tion 1s increased to 5,000 units.

A larger prcduction quantity than that would require an automated, high
volume production. This would require a MOCVD growth statifon with large
reactors, large wafer (3-4" diameter) fabrication and photolithography
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kW array at very high voliumes (arouna nne million) couid be as low as $l(

2.3.4 Conclusion

We can graphically present the data base discussed in the previous
section. Figures 2-18 and 2-19 show the price-volume relationship for 1°
and 2-D arrays, respectively.

Several general conclusions can be drawn from the data:

The cost of laser diodes is very sensitive to production quantities
cost will come down dramatically with increased production. Current fab:
tion quantities of 5 W and 25 W 1inear arrays and 1 kw/cm2 2-D arrays ar¢
even in the pilot production phase. Less than 10 units of each type have
fabricated to date. The current production rate of these units represen:
far left hand corner of Figure 2-18 and Figure 2-19. There are no immed-
identifiable market needs such as existed for single diodes, used in dis!
players, laser printers, etc., which would indicate that the devices wil’
produced in very large quantities in the foreseeable future. Therefore -
unlikely that we will see a. production which will drive the price to the
numbers shown on the right hand ccrner of the graphs. The low cost figu:
for these high production quantities are believable, in FIBERTEK, Inc.'s
opinion {f one takes as an example the cost of $8.00 for mass produced 1.
diodes. The major cost elements of a laser diode are the fabrication an
testing of the chip, and the cost of heat sinking and mounting. At the
high production level the cost is almost shared between chip fabrication
mounting cost.

Therefore, the $8.00 device, although of low power, has a substanti.
amount of fixed costs such as wafer fabrication, testing, heat sinking a
mounting. There is no reason why a multi-stripe device should cost subs
tially more than the single stripe device if buflt at the same quantitie:
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In a fully automated production facility, the cost of 1inear arrays
should be only weakly dependent on the number of stripes. The labor to
produce one unit and the material cost will be essentially the same, clearly
the yield will be lower and have an impact on price. Therefore, the ultimate
goal of producing devices with 1 watt output power for around $10.00 is not
unrealistic, provided a market can be found to warrant such large quantities.
If the pump source of solid state laser drivers for inertial confinement
fusion, is switched from flashlamps to laser diode arrays, then such a market
will be created. These pump devices would improve the performance of systems
1ike NOVA in several ways: achievement of much higher overall efficiency; far
less heating of the laser therefore high repetition rate operation would be
possible, and due to the absence of high voltage lines the system would have
much more benign operating parameters. Given the current funding situation
for inertial confinement fusion, it is unlikely that such a project cesting
probably 200 MS could be launched.

Lacking a real need for mass production of 1inear or 2-D incoherent
arrays, our predictions are as follows: ~ As a result of Government funding and
some interest from private industry, high power linear arrays and 2-D arrays
will probably be built by the hundreds, or possibly on the order of few
thousands as far as linear arrays are concerned. Military applications
clearly include space applications such as submarine communications, space
surveillance, etc., and also medium power lasers either airborne or ground
based where size and power consumption are of prime concern.

In the near term, more commercial lasers will appear in the low to medium
average power range pumped by laser diodes. Particularly for certain medical
applications where overall size, benign operating features, and low mainten-
ance of the laser are critical. For high average power lasers, more than 10
to 20 watts, the cost of the pump source will be prohibitive during the next
three years.

In order to put the array cost in proper perspective as will calculate
the cost of a complete pump system for two typical Nd:YAG lasers. The first
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industry.

Target Designator

A typical system produces 150 mJ at a repetition rate of 20 ppsec.
Flashlamp input is 12 Joules in a 200 usec pulse. Average output power
and the electrical input is about 300 W (if we account for power supply
efficiency and cooler requirements).

For the laser diode array we will assume a conversion efficiency of
Q-switched laser output to pump radiation 28 percent, consistent with da
obtained from McDonnell Douglas. Therefore 150 mJ/0.28 = 535 m) energy
pulse is required from the array. This translates into 2.2 kW pump powe
200 usec long pulse. At the price of arrays estimated, at the 500 unit
year level, a laser diode array pump source for such a system would cost
$22,000 x 2.7 = $59.400. Adding the cost for power supply and temperatu
controller the complete pump'system will be about $65,000. The cost of
flashlamp system including the lamp, militarized power supply, and trigg
unit is about one tenth of that amount.

In this application the advantage of a diode pumped Nd:YAG laser do
outweigh the cost difference. Military lasers are operated only intermi
tantly, therefore the long lifetime of the array is not of primary conce
such as is for example in a space based laser. F1ashlamp; in target des
tors have an operating 1ife of approximately 107 shots which is consider
adequate for most situations. 1In our opinfon, the production of 2-D arr
would have to be much higher i.e. on the order of 10,000 units per year
the price could come down to a level where the system can effectively co
in the mil{tary rangefinder and target designator and target marker area

Commercial CW Pumped ND:YAG Laser

A medium power Nd:YAG laser, which i{s cw pumped and repetitively
Q-switched will be considered. Such a laser, used extensively for resis
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trimming, S$i scribing, etching, drilling, cutting, etc., typically has 50 W
multimode output and about 8 W TEMGO.

The system is pumped by a single krypton arc lamp with an input of 2 W.
Overall plug efficiency in multimode operation is therefore 2.5 percent, and
0.4 percent for TEM00 mode operation.

. Now we replace the krypton arc lamp with a number of linear arrays. We
select linear arrays rather than a 2-D array because one has to remove the
heat from the pump source. A 2-D array is capable of high peak power but is
very 1imited in average power.

We assume an output of 100 W from the arrays which should produce 28 W
multimode output. This pump power can be generated by 20 linear arrays made
by Siemens. Each array, if mounted to a proper heat sink is capable of 5 W CW
output. Because of the drastically reduced thermal loading of the laser rod
as a result of diode pumping, thermal lensing, and birefringence will be
reduced also. Therefore we can expect a larger fraction of multimode beam
power can be utilized in TEM00 operations. According to our estimates this
laser should produce 8 W TEM00 power also. Assumipng a 25 percent conversion
efficiency of the diodes the system electrical input is 400 W.

The cost for the laser diode pump source is approximately $20,000 if we
take a cost at the 500 unit per year production level. The price for a
krypton arc lamp and power supply is about $2500. Despite this large differ-
ence in initial equipment cost, in this case the economics is much mo}e
favorable towards the dicde system.

These Nd:YAG systems are used one or two shifts a day and operating and
maintenance costs are an important consideration of the total investment. We
assume a five year 1ife of the system i.e. 10,000 hours. A krypton arc lamp
cost $200 and needs replacement every 200 hours. Over the life of the system,
lamp replacement costs will be $10,000. The cavity reflector needs to be
refurbished every 1000 hours due to the heat and the UV content of the lamp,




is $500. This adds another $2500 to the maintenance cost.

In addition the system saves on eiectricity, 10,000 hours x 1.6 kW :
16,000 kW. At a price of 8 cents/kW this amounts to $1280. Considering
time of the system and labor costs to perform these maintenance operatiot
the higher investment of a diode pumped system are offset by lower opera
and maintenance costs. This calculation assumes that the laser diode am
have a 10,000'hour lifetime. This number is guaranteed by Siemens for ti
arrays. It is conceivable, that a diode pumped system, whose pump cavit
purged and sealed in a Ny atmosphere to protect it from dust and dirt in
atmosphere could operate maintenance free for five years.

1t should be pointed out, that in reality the cost figures are prob
even more favorable for the cw pumped system, than the ones shown above.
1ikelihood of a production rate of 500 linear arrays per year is so much
higher than a production of 500 planar arrays that one can reason as fol
. It takes about 40 linear arrays to fabricate one ! kH/cm2 planar array,
therefore the cost of a planar array at the 500 unit per year level shou
compared with a 20,000 unit per year production of linear arrays. 1In th
case, we obtain from Figure 2-18 a cost of $50 per watt for the linear a
or $5,000 for the complete diode pump source of the cw laser. At this ¢
level, the diode pump can clearly compete cost wise with the krypton arc
system.

From the foregoing discussion we can conclude that with regard to d
pumping of Nd:YAG lasers no technological barriers exist. Fabrication
techniques--although on a very labor inten-ive basis~-are on hand to des
and build 1inear and 2-D arrays suitable for pumping. There is also no

question that laser diode pumping, either cw or pulsed, is only advantag
from a performance point of view.




The use of laser diodes as pump sources is purely an economical question.

o Small end pump Nd:YAG lasers utilizing one or a few linear arrays are
already on the market. They are economically viable because these
very small lasers are technically unique due to their small size, and
the cost of one or several small arrays is tolerable.

o For space applications of solid state lasers, 2-D laser diode arrays
will clearly play a role. The cost of the arrays is of secondary
importance in this case, due to the overall cost of satellite based

) systems. If the arrdys have to produce high average pgwers (several
hundrad watts per cm”) besides high peak puwer (1lkk/cm®) then the
issue of heat extraction from densely packaged arrays will become a
technical issue.

o In order to progress from the current level of demonstratea
feasibility to high volume production a 30 to 40 million dollar
Government program is needed to create the initial market. This would
provide enough incentive for industry to implement cost reduction
technologies, increase productivity in the wafer and fabrication and
array assembly process. At the end of this Government program, the
production would be at a sufficiently high level such that the price
of these arrays could become a viable alternative to arc lamp pumped
systems. At this point, the commercial market will sustain the
production level and bring cost down even farther.

The rationale for the size of the Government program follows from
Figure 2-19. For example, at a cost of $7/watt probably enough
commercial appiications wilil open up to maintain a production level of
5,000 arrays a year. In order to get to this cost level, an initial
market of 35 million dollars worth of arrays has to be created.

o There is an operating regime, such as 5-10 W cw pumped repetitively
Q-switched Nd:YAG lasers, where the costs are at least within reach,
even at a modest production rate of diode arrays. Therefore, in the
absence of a large Government cost reduction program, several cw
pumped Nd:YAG lasers utilizing 1inear arrays will probably appear on
the market.

There are several reasons for that: It is much more likely that a
larger number of linear arrays will be fabricated as opposed to 2-D
arrays. Linear arrays are not only less expensive per watt of output,
they are also simpler to mount and c¢o20l. In addition several domestic
as well as foreign supplies are working on the pertection of linear
arrays, whereas 2-D arrays are only fabricated by McConnell Douglas at
present. 1n addition, for cw applications one does not need the high
power density of 2-D arrays, since the performance is limited by the
heat removal capability of the heat sink.
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Figure 2-20 illustrates the fact that diode arrays are most economically
utilized in cw operation. We consider a laser with a given average output
power of 100 W. Since laser diodes are puwer limited, pulsed operation
requires many more diodes as compared to cw operations. The number of laser
diode arrays required is proportional to the output energy per puise. This is
quite different from flashlamp pumped systems, whose costs are almost solely
dependent on average power, and vary very little with repetition rate and

energy power pulse.




Figure 2.20 Array Cost vs. Repetition Rate

Assumptions:
100
T Laser output: 100 W average
] pump efficiency: 33%
array cost : $S10/W
50 pulsewidth: 250 usec

thousand $

1y cosdt,

5

L]

pump ar

1l

102

v 9] b A 4
2x10°  s5x10°  10° 2x10°  sx103 10
pulses per second, Hz

*Note: The cost of S10/W is based on a production qual
of 50,000 linear arrays per year (see Fig. 2..
At low repetition rates (below 500 Hz) a cost o
$5/W was assumec, because at a low duty cycle t!

diodes can be operated at about twice their cw
output.

2-54




References

2.1 McDonnell Douglas, Diode pumped lab laser study--risk reduction phase.
Technical Report N66001-83-C-0072.

2.2 P.S. Cross, D. Scifres, Spectra Diode Laboratories, White paper on: The
- development and production of ultra-high power, two dimensional diode
laser arrays June 4, 1986.

2.3 P.S. Cross, R.R. Jacobs, D.R. Scifres. Photonics spectra 1984,
| September, P. 79.

2.4 D. Botez, IEEE Spectrum, June 1986, P. 43.

2.5 J. Hecht, Lasers & Applications, January 1984, P. 61.
2.6 Y. Suematsu, Physics Today, May 1985, P. 32.




3. LASER CANDIDATES (Task 2)

Laser diode pumping offers the possibility to use crystals other than
Nd:YAG for the laser medium. For example, the laser medium could be selected
for better energy storage, wavelength, or diode absorption and for more
optimum system performance.

.

In Subsection 3.1 we will discuss laser materials for which laser diode
pumping has already been demonstrated. A brief summary of the experimental
results will be presented, as well as comments regarding future applications
of these materials will be given.

In Subsection 3.2 we will discuss several solid state laser materials
which hve spectroscopic properties which may make them suitable candidates for
laser diode pumping.

In Subsection 3.3 a number of laser materials will be discussed which are
currently the subject of great interest but are not 1ikely to become
candidates for diode pumping.

3.1 DEMONSTRATED PERFORMANCE

3.1.1 Nd:YAG

Most of the research on diode pumped solid state lasers has been concen-
trated on Nd:YAG. The popularity of this material stems from its excellent
optical and physical properties combined with high gain, excellent crystal
quality and a pump band which is conveniently located at the peak emission of
GaAlAs laser diodes. Systems have been built recently, ranging from an
endpumped Nd:YAG fiber with 50 um in diameter producing a few milliwatts of
output powerl, to small endpumped Nd:YAG slabs generating a few hundred mW of
powerzé all the way to a sidepumped Nd:YAG slab laser with 100 mJ Q-switched
output .

3-1




Since this report deals mostly with Nd:YAG as the lasing medium no
further elaboration will be provided in this section.

3.1.2 Nd:YLF

There are several potential advantages of using Nd:YLF as opposed t
Nd:YAG in laser diode pumped systems. Nd:YLF has a fluorescence lifetim
440 usec, almost twice as long as Nd:YAG. This means, that in pulsed sy
to obtain equivalent pulse energy to Nd:YAG, only one half of the number
laser diode arrays are required. Nd:YLF also naturally oscillates polar
since YLF is uniaxial with the 1.047 um line, the high gain transition.
property is attractive for Q-Switching and second harmonic generation be«
it eliminates the need for polarizing elements in the cavity, which in t
case of Nd:YAG, lead to optical losses as a result of thermally induced
birefringence.

A spectral absorption curve of Nd:YLF for the region of interest is
in Figure 3-1. As can be seen from this data, Nd:YLF is very compatible
diode pumping due to an absorption peak at 792 nm.

Figure 3-2 shows the absorption spectrum for g andr-polarization o

Nd:LiYF4 over a wider spectral region. The strongest absorption occurs

4 4 4 4 4 4
which are responsible for over 50 percent of the total absorption. Wd:Y
offers a reduction in thermal lensing and birefringence combined with im
energy storage relative to Nd:YAG. However, gain is lower and the therm

properties of YLF are not as good as YAG.

Laser diode pumping of Nd:YLF lasers has been demonstrated at 1.047
and 1.053 um, with less than 1 mW threshold and internal quantum efficie
approaching 70 percent4. Intracavity second-harmonic generation using
MgO:LiNb03, has generated up to 145 uW output at 5§23.6 nm for 30.1 mW of

laser pump power.
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The pump source was a single stripe diode laser with 30 mW of output
power &t 791 nm, which is the oeak of the absorption in the m-polarization of
Nd:YLF. The output from the diode laser .w&s focused into the crystal in an
end-pumped geometry with a microscope objective.

A typical Nd:YLF sample was 4 mm long and 3 mm in diameter with the end
faces having 1.8 cm radii of curvature. One end face was a coatec high
reflector at 1.05 um, and the other was 0.3 percent transmitting at 1.05 um
and high reflecing at 810 nm which is near the pump wavelength.

A laser diode pumped Nd:YLF laser is one of the prime contenders of the
Navy Blue Program aimed at demonstrating 100 mJ output at 455.5 nm. This
wavelength can be achieved by tripling one of the satellite laser lines
located at 1.3665 um. Figures 3-3 and 3-4 show the Nd:YLF emission spectrum
and the stimulated emission cross-section, respectively.

3.1.3 Nd:Glass

With regard to laser diode pumping, Nd:glass has one desirable attribute,
namely a broad absorption band. (See Figure 3-5). This makes the di.de wave-
length requirements less stringent. On the other hand, Nd:glass has a much
lower gain than Nd:YAG, therefore, higher pump fluxes are required are effi-
cient operation. This clearly represents a problem due to the power limita-
tion of laser diode arrays. Although lasing action can be achieved in
Nd:glass with laser diode pumping, as will be described below, we do not
think, that the material is suitable for practical devices. With the modest
pump fluxes available from laser diode arrays, the system cannot be pumped
high enough above threshold, and as a result optical losses in the resonator
will dominate and prevent high efficiency operation. Researchers at Stanford
did build a small diode pumped Nd:glass laser recent1y5. The laser consisted
of a5 mm long piece of LHG-8 with 3 percent doping. To ensure low cavity

losses, the coatings were applied to the polished piece of glass. One end was
polished flat and coated with a HR at 1.06 um and HT at 0.81 um. The other
end was polished to a 1.6 ¢cm radius and coated 99 percent R at 1.06 um.
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Diode pumping with a high-power multistripe diode laser showed a threshol:
the Nd:glass oscillator of 16 mW absorbed power and a slope efficiency of
percent.

3.1.4 Ho:ErTmYAG

A holmium doped host has several interesting pruperties. The laser
provides a different wavelength than those achievable with the Nd and the
fluorescence lifetime is very long, on the order of 10 msec, which is ide.
time as far as pumping with diodes is concerned. Unfortunately Ho:ErTmYA:
to be cooled to liquid nitrogen temperature for laser action to occur.
Researchers from NRC have recently demonstrated a diode array pumped holm
laser.

Laser action was observed on the trivalent nolmium 517 to 518, 2.1 w

transition. Laser action was achieved with a 10 mm length YAG rod sensit
with 60 percent Er and 3 percent Tm in addition to the 2 percent Ho activ
concentration. A 2.1 um high reflectance coating transmitting at 785 nm
placed on the flat surface and a 99.5 percent reflector at 2.0-2.1 um was
coated onto the curved surface of the rod. The samp{é was cooled to 77K
end pumped with a 100 mW cw laser diode array (Figure 3-6). The temperat
of the diode was adjusted so that the diode wavelength was centered at
785.5 nm.

The YAG resonator which is formed by the coated laser rod ends had a
fundamertal spatial mode beam waist diameter of 115 um. The lasing thres
occurred at 4.0 mW of incident pump power. With the diode operating at 1
a total of 34 mW was deliverad to the samplie. At this pump power 5.6 mW
emission was obtained at 2.1 um.

The gain of the H03+ transition from 517 to
significantly enhanced by energy transfer from Er

518 at 2.1f1m is high, a
3+ and Tm3 .

The holmium laser holds the prospect of room temperature operation.

.7

Duczynski et ai’ reported on efficient energy transfer from Cr -> Tm with

subsequent transfer of Tm -> Ho,
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3+, the sensitizer effect is not or

3+ with a quantum

Due to the broadband emission of Cr
restricted to Nd3+ 3+ can be pumped via Cr
efficiency near unity.

; for example Tm

The excellent overlap between xhe Cr3+(4Ti2 -> 4Az) emission and the
Tm3+(3H6 -> 3F4) absorption yields an efficient resonant Cr-Tm transfer
system. At high Tm3+ concentrations (8 x lozocm'3) the Tm3+ jon converts -
energy down to the IR region with a quantum efficiency of nearly 2. The

reason for this is the cross relaxation process Tm3+ (3F4 -> 3”4)’ Tm3+(3H

3 €

H4) between adjacent ions.

Cr, Tm sensitized garnets were employed in these experiments, which
demonstrated 2 um cw laser action at room temperature.

Yttrium-scandium-gallium garnet (YSGG) and yttrium-scandium-aluminum
garnet (YSAG) have been doped with Cr3+(2.5x 1020cm'3), m* (8 x 10%%m3
and Ho3+ (5 x 1019cm°3), Scandium was chosen to create the low crystal fie
strength for Cr3+. Yttrium matches well for the ionic radii of 3 and He

The crystals were placed into a concentric cavity formed by two 5-cm
radius mirrors having reflectivities of 98 percent at 2.08 um. The crysta
were pumped longitudinally with a krypton laser beam at 647.1 nm. For bot

crystals Cr, Tm, Ho:YSGG and Cr, Tm, Ho:YSAG true cw operation was obtaine

Threshold was about 25 mW of absorbed pump power and the power slope
efficiency is 13 percent. Since the lifetime of the upper Ho3+ of the upp

Ho3+ laser state 517 is approximately 10 ms, diode pumping should be possi

Unfortunately we did not have a detailed absorption spectrum to ascer
that the absorption bands are in the wavelength regime suitable for diode
pumping. Since the absorption spectrum will be dominated by Cr3+, we can
obtain a rough estimate from the data presented in Figure 3-7. It shows t

transmission spectrum of Cr3+:GdScGa garnet. From these data follows that

pump wavelength would have to be rather short for GaAlAs, namely in the
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neighborhood of 700 to 750 nm. Even at these waveiength absorption is not
very strong, therefore only endpumped configurations with a long absorptic
path are feasible.

3.2 POTENTIAL NEW MATERIALS

There are continuing efforts to find other laser materials which woui
retain the advantages of Nd:YAG as to performance without showing some of
disadvantages for diode pumping, such as a short upper state lifetime and
weak and relatively narrow absorption 1ine around 800 nm.

The requirements of the laser material employed for laser diode pump:
is somewhat different than with flashlamp excitation: First, the fluoresc
lifetime of the upper laser level should be long in order to integrate the
1imited peak power from the laser diode.

Second, the laser material should have a strong absorption line betwe
780 and 900 nm, which is the emission range for GalAs diodes.

It will be at least five to ten years, before powerful laser diode a
will become available at other wavelengths. Also, doubling of the GaAlAs
diode output with KTP or organic nonlinear materials for the purpose of
pumping solid state lasers is not practical either at the present time.

Third, in contrast to flashlamp pumped systems, the absorption band
only be a few hundred angstrom: wide for diode pumped systems. Actually,
1ine that wide would permit diode operation over a wide temperature range
However, this would be totally inadequate for absorption of blackbody
radiation.

In addition to finding materials with better properties than Nd:YAG,
there is, of course, the desire to find materials which are not necessari’
better than Nd:YAG, but provide laser emission at different wavelengths.

3-14




The transfer lasers, dual-doped with chromium on the one hand and
thulium, neodymium or holmium on the other, represent efforts to maximize
pumping efficiency for flashlamp pumped lasers. Similar efforts could lead to
a material optimized for laser diode pumping. Also it is our hope, that laser
materials will be rediscovered which have been previously discarded because
the pump bands were either too narrow or did not match flashlamp spectral
outputs. As far as currently known candidates are concerned, the already
“mentioned Nd:YLF is in our opinion an excellent alternative which may even
surpass Nd:YADﬂ Other promising materials which will be described here
included Nd:NaYf, Ho:YLF, Nd:LuLAGG, and Nd:YALO.

3.2.1 Nd:NaYyr

. . 3+,
A potential candidate for laser diode pumping is Nd ‘NaO.4Y0.6F2.2

studied recently by Jenssen et a18 at MIT. The crystal has an upper state
1ifetime of 900 usec. In addition, the emission is relatively broad and the
laser emission can therefore be tuned both in the 1.05um and the 1.30 um
regions. Laser action has previously been reported in this crystal by
Kaminskiti et a1.9

Figure 3-8 shows the normalized emission spectrum of this material. The
F3/2 -> 4Ill/z4trans1'tigns are broadened to a band between 1.035um and
1.075 ym.  The F3/2 => 137 transition forms a band between 1.30 um and
1.38 um. These relatively broad emission bands indicate that the laser

emissions may be tunable over a reasonably wide range.

4

The fluorescence lifetime of the 4F3/2 level in this material is
about 900 us, which is considerably longer than in YAG (230 us) and L1YF4
(440'usec). Thus, this host material is preferred in applications requiring
high energy storage.

Room temperature cw laser emission in the 1.05 um wavelength region was
obtained by pumping with an argon laser (514.4 nm line). The pumped volume of
the crystal was approximately 160 um in diameter and 8 mm in length in a quasi
concentric resonator of 20 cm length. (The absorption coefficient at the pump

3-15
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wavelength is 0.15 cm The output power in this free running mode with no

tuning element is plotted in Figure 3-9 as a function of absorbed pump power.

Only a closer examination of the detailed spectroscopic data showing the
Nd absorption line around 800 nm, and data on the stimulated emission cross-
section, quantum efficiency etc., will reveal the full potential of this
material.

3.2.2 Nd:LNA

The discovery of laser emission in hexagonal lanthanum neodyﬁiuh hexa-

aluminate (Lal_dengAlllolg) by a French group10 has generated connsiderable
interest for this material as a new, high power solid state laser.

Among the advantages of LNA is the ability to achieve a high neodymium
content more than six time greater than Nd in YAG (7 x lozoions cm'3) without
severe concentration quenching of the fluorescence of strong segregat%on of
the doping ion along the laser rod.

The earlier laser work demonstrated that an LNA laser has an efficiency
and threshold comparable to Nd:YAG. The broad fluorescence spectrum from the
4F3/2 -> 4111/2 transitions of the Nd in LNA suggests the possibility of
obtaining efficient CW tunable emission over a substantial wavelength range in
a region of the spectrum that is generally devoic of tunable sources.

The fluorescence spectrum of Nd in LNA is shown in Figure 3-10a.

The fluorescence shows two broad, principal peaks centered at 1054 and
1082 nm. The full widths at half height of the two peaks are 44 and 74 R,
respectively. For the purposes of comparison, the fluorescence spectrum
obtained under identical conditions from Nd in YAG is shown in Figure 3-10b.
Fluorescence widths in YAG are typically 6A. The broad width of the LNA
curve, as compared to the YAG one, results from the fact that there are three

different fluorescing sites in the LNA lattice, each of them is submitted to a
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slightly different crystallcgraphic field due to the different jon enviro
ment. The relative widths of the two sets of fluorescence data illustrat
wider tuning range one might expect from the Nd in LNA as compared to YAC
Lejus et a]ll have studied the laser performance of several LNA crys
of 0.5 um diameter and AR coated on their two parallel, bolished faces.
samples were pumped with a Kr laser at 752 nm. About 0.4 W of output wer
obtained for 1.9W input as shown in Figure 3-11. With very careful align
500 mW was achieved which corresponds to a conversion efficiency of 26 pe
for the power or to a quantum efficiency of 36 percent. Tuning curves fo
are shown in Figure 3-12.

LNA appears to be an excellent CW laser crystal with an efficiency
comparable to that YAG when pumped by another laser. The large conversic
efficiency (26 percent) with IR pumping in conjunction with its rather br
tuning range in the 1 um region makes it an attractive material for laser
dfode pumping. The present results with IR pumping from a Kr laser are
encouraging in that respect.

The optical properties of LaNdMg hexa-aluminate make it a promising
material to be used as a diode pumped laser medium. Compared to Nd:YAG,
has broader absorption bands around 800 nm, a longer fluorescent lifetime
(320 usec) higher Nd concentration, and about the same thermal conductivi
and a gain which is about a factor 2 lower. Table 3-1 11lustrates the re
tionship between 1ifetime of the 4F3/2 excited state and Nd concentratior

Clearly, for diode pumping the Nd: concentration cannot be higher ¢
10 percent, stherwise the fluorescence 1ifetime becomes too short.

3.2.3 Nd:YALO

YA10. and Y,A1_0,, or YAG, are both derived from the Y203 - A1203 $)

3 35712
the former is the 1:1 compound or perovskite phase, the latter is the 3:!

compound or garnet phase. ‘Many of the physical properties of these two )
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materials are similar. However, whereas YAG is cubic and optically isot:
YAlO3 is orthorhombic and anisoptropic.

In the early 1970's, the introduction of Nd:YALO was received with «
enthusiasm because high average power in pulsed systems and high CW powe:
output with thresholds and efficiencies comparable to YAG had been achie
Actually, Nd:YAlO3 is the only solid state material other than Nd:YAG to
exhibit the high conductivity and hardness combined with low threshold
necessary to achieve high average power operation in the cw-pumped mode
room temperature.

Interest in this system was further motivated by the fact that the
Perovskite structure results in an orthorhombic symmetry and consequentl:
yields polarized laser output. The YALO laser is then free from the
depolarizing thermal birefringence which affects YAG performance when
polarizing optics are inserted in the YAG cavity.

Late in 1970 large crystals of Nd:YA'IO3 with good optical quality be
commercially available.  However, one di{ficulty that had prevented gene:
acceptance for YALO as a substitute for YAG was the occurrence of discol
tion (browning) of the crystal after irradiation by flashlamps. This ef-
was caused by crystal defects and was detrimental to an efficient excita
It could only be remedied by a careful heat treatment in a reducing
atmosphere.

Since crystals could not be grown that remained clear and transparer
after irradiation from pump radiation interest was eventually lost in the
material. Recently, however, W.C. Heraeus GmbH, West Germany, has been
to grow high optical quality YALO laser crystals in commercial quantitie:
there is renewed interest in the material for applications in which a
polarized output is desirable. Since the discoloration in Nd:YALO is cat
by the UV content of the flashlamp, this effect does not show up in lase:

diode pumped crystals.




One particularly interesting property of Nd:YALO is the fact, that due to
its anisotropic properties, the gain ancd wavelength can be changed by
selecting suitable orientations.

The laser properties of YALC are influenced by the optical anisotropy in
two ways:

First, the emitted radiation is always lineariy polarized in a direction
depending on the rod orientation with respect to the crystal axes.

Second, the emission wave length depends on the rod orientation and on
the polarization direction.

For example, a Nd-YALO rod cut along the a-axis, emits a wave length of
1.08 4 when the E-vector (polarization) is along the c-axis and at 1.065u for
a b-axis polarization. A c-axis rod, on the other hand, always emits at 1.065u
irrespective of the polarization direction of the radiation. The reason for
this bahavior lies in the low symmetry of the crystal structure that leads to
a2 complicated directional dependence of the gain in YAIC. This feature is an
added advantage of YALO because it permits a tailering of the gain and energy
storage capabilities of the YALO to suit particular applications; e.g.
Q-switching or cw-operation.
Massey et allz achieved up to 75 W of cw output linearly polarized in
YALO about 15 years ago. They observed CW emission from two of the 4F3/2-
%y, transitions (1.0645 and 1.0795um) and two of the *r, .41 .
tr:nsitions (1.3391 and 1.3411um). They also observed tiree additional 'Fy ,
= "1y p transitions (1.0729, 1.0909, and 1.0989 um) when the system was
flash-pumped with 20 J from a Kr flashlamp.
Recently Schearer et a]l3 reported Cw 1aser'emission from seven lines
within the %F, -%1 o multiplet: 1.0645, 1.0729, 1.0795, 1.0845, 1.0909,
1.0921, and 1.0989 um. Since Nd:YALO exhibits a fluorescence spectrum which
is broader than Nd:YAP, they have also obtained sume 1imited tuning for the
1.079% and 1.0845 um transitions.
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The linearly polarized output of Nd:YALO, and the 1rge number of la:
lines which can be obtained, make Nd:YALO an interesting material for dio¢
pumped systems in military appiications. One disadvantage of the materia’
compared to YAG is the shorter fluorescence lifetime. Figure 3-13 shows
dependence of the lifetime with Nd concentration. Although YA103 can be .
much higher with Nd compared to YAG, this property cannot be utilized to
advantage in diode pumped systems because of fluorescence lifetime quench

3.2.4 Nd:LaLuGG

The co-doped garnet crystal Gd,(Se,Ga),Ga;0,, or GSGG:Nd, Cr is the
efficient flashlamp pumped solid state laser. The material is so efficie
because of the wide absorption bands of Cr3+ which overlap well with the
emission of flashlamps, and the efficient transfer to Nd3+ jons. The Cr
excitation in GSC® appears in the 4T2 state, nonradiative transfer to Nd3

3

ijons can occur via the 4T2-4A2 transition, which is spin allowed and has
good spectral overlap with the Nd3+ levels.

Rather than having broad absorption regions afforded by GSGG;NdCr, f
laser diode pumping a stronger and wider absorption line around 800 nm is
required. Both can be achieved 1n°Nd:LaLuGGé or (La,Lu)3(Lu,Ga)2 Ga3012.
jonic radii of La and Lu are 1.05 A and 0.86A, respectively. Since they
closely match the ionic radion of Nd3+ which is 0.983, high doping levels
be achieved. Huber et a114 have grown LaLuGG with up to 3 percent Nd wit
observing stray concentration quenching. Only at 10 percent Nd3+ doping
levels did quenching become a problem. Since Nd can substitute for Lu an
the Nd3+ ion will occupy different sites and experience different crystal
fields. This leads to a broadening of the absorption line.

The relatively high doping level and broadened line around 800 nm ma
this material a good choice for a diode pumped Nd laser. Preliminary
investigation by PoweH15 confirms the broad absorption bands.
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3.2.5 Ho:YLF

The extraordinary long fluorescence lifetime of 12 msec for the 517-5
transition in multiple doped Ho:YLF (Er3+, Tm3+) make this material a gooc
candidate for laser diode pumping. Unfortunately, we do not have at prese
any spectral data on this material to provide further information.

3.3 UNSUITABLE LASER MATERIALS

In this section, a few materials will be discussed which are currentl
the subject of great interest and activity due to a specific property such
tunability, emission of an important wavelength, low manufacturing cost, t
due to either a very short upper state lifetime, low gain, or absence of ¢
proper absorption 1ine do not seem to be 1ikely candidates for diode pumpi
In this category fall all Cr and Ti doped tunable lasers because their abc
tion bands are at much shorter wavelength then.can presently be achieved.

Materials we have been looking into more closely but which did not se
promising include the following list:

3.3.1 Nd:BEL

Nd doped lanthanum beryllate (Nd3‘:Lazse205) or Nd:BEL produced by Al
Corporation, is receiving some attention as an intermediate gain solid st:
1aser medium in flashlamp pumped systems. Considerable development of thi
material has recently taken place in the areas of crystal growth, spectros
and materials characterization.

For BEL:Nd the lasing transitions in the one micron region occur from
lowest level of the 4F3/2 multiplet to the 4111/2 multipIet while in YAG:}
the transition occurs from the highest level of the F3/2 multiplet. Ther
are two wavelengths for the laser transitions for BEL:Nd, 1,070 and 1.079

The stimulated emission cross-section is one-third that for Nd:YAG.
fluorescence 1ifetime for Nd:BEL was found to be about 150 usec at 1 perce
Nd doping. At higher concentration the lifetime begins to decrease becau:




concentration quenching. The lower gain combined with the much shorter 11fe-
time do not seem to make this material particularly attractive compares to YAG
for laser diode pumping.

3.3.2 ££i§£ﬂlf5

Strontium Aluminum Fluoride is very actively pursued by LLNL for possible
applications in submarine laser communications. In order to match the cesium
sbsorption in the receiver, the laser emission has to be either 455.5 nm or
459.5 nm.

Cr:SrAIF5 discoverd by Jenssen from IT is tunable from 825 to 1010 nm
with a peak emission around 900 nm. Frequency doubling of either the 911 or
919 nm wavelength woull meet the wavelength requirements for SLC. For diode
pumping, the material poses two problems the upper level lifetime is oniy 95u
sec iong and the absorption around 800 nm is very low. Figure 3-14 shows the
emission and absorption spectra of SrA1F5 and Figure 3-15 shows the tunable
output obtained from this material.
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4, CRYSTAL GEOMETRY AND DIODE ARRAY PUMP CONFIGURATION (Task 2)

In this chapter endpumping of a laser crystal, and sidepumping of a
cylindrical rod and a zig-zag rectangular siab will be discussed.

4.1 ENDPUMPING OF A LASER CRYSTAL

. In this case, a cylindrical laser rod is pumped through one of the end
faces by a single diode Jiode array. This endpumping concept was the subject
of considerable interest during the mid 1970's for use as transmitters for
optical fiber communications.

A number of workers have built neodymium lasers end pumped with diodes.
Light-emitting diodes have been used to end pump Nd:YAG fibers, superiumines-
cent diodes have end pumped Nd:YAG rods and laser diodes have been used to
end pump the stoichiometric neodymium compound L1NdP4012 with a2 1.5 percent
electrical-to-optical slope efficiency. Only recently, however, have laser
diodes of sufficient output power been available to fully exploit this hignly
. efficient regime of operation.

In particular, Sipes4‘1 from Jet Propulsion Lab, and researchers at
Stanford Univers1ty4’2 have reported high overall efficiencies with tightly
focused end pump geometrics. Since the pump beam from the diode array is
collinear with the optical resonator, the overlap between the pumped volume
and the TEMOO mode can be very good. Also the coupling efficiency into the
rod is high and the absorption length can be as long as the crystal. Figure
4-1 shows the experimental set up used by Sipes.

A single Spectra Diode Labs Model SDL-2410-A GaAlAs laser diode array is
employed, operating at approximately 200 mW cw output at 810 um with approxi-
mately 20 percent electrical to optical efficiency. The dual lobed output is
then collimated and focused into a 1 cm long x .5 cm diameter 1 percent Nd:YAG
sample. The resonator configuration is plano-concave, with the pumped end of
the Nd:YAG rod being coated for high reflection at 1.06um and output coupler
being a 5 cm radius of curvature with a reflectivity at 1.06 um of 95 percent.

4-1
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i
The end pump geometry has a number of advantages compared to side

pumping. For example, the absorption length can be made as long as necessary

to absorb practically all the pump light. Also the pump light can be focused

to provide the intensities needed for efficient lasing and the beams can be

adjusted to overlap for optimum mode matching.

Figure 4-2 shows input electrical power versus 1.06 um output power for
the configuration illustrated in Figure 4-1. For approximately 1 watt of
electrical input power, 70 mW of Nd:YAG output is measured. This corresponds
to a measured laser diode efficiency of approximately 20 percent and an
optical conversion efficiency of approximately 35 percent.

Endpumping of a miniature Nd:YAG laser with laser diode arrays is an
attractive means of obtaining efficient cw lasers. However, at present, the
end pump scheme is useful only for low power lasers because the pump area is
very small. 1In order to achieve a somewhat higher output power, two sources
can be polarization coupled together to double the pump power available. Thus
by polarization coupling and double ended pumping, 800 mW of pump power and
possibly 400 mWw of 1.06 um power are achievable.

Endpumping from both sides, and using polarization coupling schemes does
increase the power output by a factor 2 to 4.

affordable price the output from a large array could be focused with a
condensor arrangement into the end face of a laser rod. Because of the large
absorption length in the crystal, spectral output uniformity from the array,
and wavelength control is not very critical.

Particularly ideal would be phased arrays. It is conceivaple that
several hundred watts of average power can be coupled into the end of a § or 7
mn Nd:YAG crystal. Compared to using the output from the phased array
directly, a solid state laser can be Q-switched, thus high peak powers can be

However, should monolithic or stacked 2-D arrays become available at an
achieved. Figure 4-3 shows the schematics of a high average power endpumped ‘

laser.




Figure 4.2  Output ve. input of endpumped laser.

(From D.L. Sipes, Appl. Phys. Lett. 47,
July 1985, P. 74)
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Figure 4.3 Schematic of a high power endpumped laser utilizing
coherent arrays.




4.2 SIDEPUMPING OF A CYLINDRICAL CRYSTAL

.4.2.1 Pumping Geometry

Side pumping of a laser rod can be realized by surrounding it with 1}
diode arrays conveniently distripouted around the rod tc produce the desir
pumping profile. There are three practical approaches to couple the radi
emitted by the diode lasers to the rod: a) direct coupling; b) with opti
between source and absorber; c¢) fiberoptics coupling. The direct couplir
option does not allow for variatinns other than the placement of the dioc
lasers around the rod. Fiberoptics coupling is very impractical for a lar
number of diode lasers. Optical coupling can be achieved by using imagir
optics such as lenses or elliptical and parabolic mirrors, or by non-imac
optics such as reflective or refractive flux concentrators.

Simple considerations regarding the optimum pumping configuration, ¢
high marks to the approach of using intermediate refractive optics. Thi¢
because, in this case, arrays can be spacec far apart, reducing packaginc
cooling consiraints. Furthermore, by using lenses, the pump distributior
be peaked at the center of the rod allowing for a better match with resor
modes. In contrast, direct pumping yields a far less optimum pump distr:
tion and requires dense packaging. Fideroptics coupling is very lossy, .
similarly to direct coupling does not allow for an cptimum pump 4istribu:
although it shares with the optical coupling approach the advantage of
relaxing packaging and cooling constraints. Its practical implementatior
however, far more complex than for the latter. Figure 4-4 depicts a pos:
design for the implementation of rod side pumping using linear diode las¢
arrays and cylindrical lenses.

For the evaluation of the individual merits of these different opti:
i{s important to determine how the pumping power is distributed across the
and how efficiently the radiation emitted by the diode laser arrays is
absorbed in the rod. The determination of these performance characteris:
requires the use of ray-tracing techniques. For this purpose a computer
called CRADLE {(computation of rod absorntion of diode laser emission) wa:
designed and implemented.
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With the exception of the cases involving reflective elements and fiber-
optics, all the cases can be analyzed with this code. Details on the
algorithm used for this code are given in the following sections. A descr
tion of the software configuration and the program 1isting is given in
Appendix A.

4.2.2 Ray Trace Analysis

The pumping rate at any particular position inside the rod is direct}:
related to the amount of the amount of pump radiation absorption at that
particular point. Certainly the absorption coefficient changes with the
change in population of the levels interconnected by the particular pump
transition and therefore the time evolution of the absorption should be
considered. However, this change in population is only important in three
level sysems which will not be considered here. Because the purpose of th
analysis will be to determine the relative merits of the different pumping
geometries, the pump-rate density will be considered to be directly propor
tional to the local pump radiation absorption and therefore only this
parameter will be calculated. '

The local density AD(:) of pump radfation absorption inside the Jaser
is given by the following expression:

AplT) = :EJHIY (A)exp[- Y(A)S(?’.FT.M)]

x 11 (r1, ai,> ,Ad) F(Ad, Ae,oA)

x dri dai dAdAc

where AD(73 is measured 1in N/cm3; Na i{s the number of arrays around the ro
and ry specify a particular position inside the rod and on the {th 1near
array respectively, and the other quantities are defined as follows:

I(r1,a1 »A,ad): Diode laser array spectral irradiance 1n w/um/rad. A
the center wavelength at which the diode Jaser stripe
located at position r, operates, and a4 specifies a
particular emission d1

d

rection.




F(Ad, )\c.q): Statistical distribution of diode laser center wavelengths
(Ad), centered at the wavelength and having a standard
deviation o, . Dimension: um

Slry ryyayq): Optical path as defined in Figure 4-5 Dimension: cm.

YA ): Spectral absorption coefficient, c:m'1

The angular distr1bufion of the radiation produced by most of the high
power linear arrays is very narrow in the direction parallel to the array. On
the other hand, the characteristics of these arrays are very uniform along the
length, and a good cavity design will most 1ikely 1ncorporafe end mirrors to
reduce end effects. Consequently, in order to simplify the analysis, only the
two dimensions perpendicular to the rod axis (and also perpendicular to the
direction of the array length) will be considered.

Another characteristic of state-of-the-art diode laser arrays is the very
narrow output spectral width: typically less than one nanometer. Therefore a
further simplification will be to ignore the integral over A in the above
expression and substitute A d for it when evaluating Y{(A). A further
simplification that will be made is to consider the irradiance ! to be
independent of position and diode laser emission wavelength.

With these simplifications the above expression reduces to:

Np A2 ey
Ag(r.w) = 5 5‘ Z[)’( Ad) exp  y(Ad) S(r.w;ai.f)]
xs=] Al ~ad/2

xI (i) F (Ad,)\c,o')\) dai dAd

where r 1s the radial coordinate and w s the aximuth angle about rod axis.
a, is the angular aperture of the optical system and A and )‘2 specify the
spectral range of interest, typically and internal centered on Ac with a width
of about ‘o, - For practical purposes the distribution F( Ad, Ac,o, ) will be
defined as Gaussian.
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1 1 Ad-A c 2
F(Ad, rc,0, ) & o= exp |- - {——

The integrals in the last expression for AD can be solved numerically by
converting them to a2 finite element problem. A large amount of simplification
can be accomplished by exploiting the symmetries of the problem. In brder to
{1lustrate the method, the pumping geometry shown in Figure 4-4 will be
tonsidered for the remainder of this section. In this design there are eight
double linear arrays uniformly spaced around the rod. Because of the symmetry
of this configuration only the sector of the rod shown in Figure 4-6 needs to
be considered. This sector is divided into a total of 200 elements as
indicated in the same figure.

The determination of the ray pathlength inside the rod for each indivi-
dual beamlet has to be made by using ray-tracing techniques. For this
purpose, the optical system described in Figure 4-7 will be used. This system
includes a total of seven optical surfaces, four of which belong to a symme-
trical doublet of cylindrical lenses configurable in all possible ways in
terms of radii of curvature.

A computer code called CRADLE (Computation of Rod Absorption of Diode
Laser Emission) was implemented for the evaluation of AD(r). In its present
form this code is only applicable to the configuration shown in Figure 4-4.
However, it can be adapted to many other configurations. By making the lens
index of refraction equal! to one, the cylindrical lenses are rendered non-
existent and the configuration of Figure 4-4 reduces to one in which the
cooling Jacket is the only optical element performing the role of flux
concentrator. When the indices of refraction of the lenses, cooling jacket
and coolant are all made equal to one the same configuration reduces to the
direct coupling case. The other limitation of this code as currently
implemented relates to the reflective losses at the various op;1ca1 surfaces.
No provision has been incorporated into the code to account for the losses in
the lenses. However, a good optical design should make use of AR coated
optics to maximize transmission, and it will therefore be a 3ood approximation
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CEL!L. DEFINITION USED IN THE PUMP-RADIATION ABSORPTION- ANALYSTS

Figure 4.6

4-12




“sadjaweaed (edxyjdo pue

Led}43933w03b 0 uojyiuijag

"Ly danbyy

[ — ax | - - .__d. - — ——- f— - -L.x ——
!
w /\
| 1a Wmv),-
“ L o \; N7
N ~ TUR e .
_ . _._ cuz\
_ m:m_z u_QZ\_ sua| ‘L
ase} apolq e - < i N u_sz
_ 1\ N Y AR
o \ U “
..U.l. Tttt TN - -_— - =—b - - - - -
‘a, ! 9 /.,// F
A 14 ~
3si apol Ty
_ ,
e e A~
- m_.h.'v ~.)m~ >
.1
l« -~ - »]e Vr >
Ny I

4-13



to evaluate those losses by estimating an average transmission coefficient
each surface. The code does provide an option to include the effect of
reflection losses at the jacket and laser rod surfaces considering unpolar
1ight and no AR coating.

4.2.3 Emitter and Absorber Characterization

In order to evaluate the integral over the angle of emission a ,, it
necessary to define the irradiance function I(ai) I(a ). For this purpos
simple model of the directional dependence of the diode laser irradiance
(radiation pattern) will be used. This model is described in detail in
Reference 4.3. Assuming that the diode laser cavity resonates at the
fundamental transversal mode the radiation pattern is given by:

1 (0,0) = C (coszcb cos20 + s'lnzo)

1/2 2
(X1 - sine) +/311/ko }

X
{ 2 1/2 2 2 2
(Kl-sin 8) + (sin @sin B+cos 6)/cos®

1 2 2
x exp {- 2 [(Xkocosmsine) + (Ykosingsing) ]}

where © and @ are defined in Figure 4-8. In this expresson C is a coeffi
cient of proportionality. Ko is thg free-space wave number given by

Ko = 27/ A,
K1 is the peak value of the dielectric constant of the graded index wavegL

that constitutes the diode laser resonator. It is related to the peak val
of the index of refraction by:

=2
K1=n
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Figure 4.8 Radiation pattern from a laser diode.
(M. Ettenberg, Laser Focus, May 1985, P. 86)
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Bll is the propagation constant for the fundamental transversal mode of t:
waveguide resonator and it is given by:

_‘[ 1 1 :)11/2
= Kon - -
11 - -

ko n X, ko n Yo

In the expression x° and Yo are the parameters that describe the cha
of the dielectric constant with position across the waveguide according t
following formula:

| ) (D]

X and y are defined in terms of these parameters through the following

relationships:

AC XoO
= S ——————
7N

Ac Yo

>

<t
"

mn

and are also linked to the half power full angular widths of the radiatio
pattern by the following expressions:

-1 rC -
e s 2 sin 0.69 — Y
1 ™.

-1 AC -
911 = 2 sin 0.69 = X

where 91 and 911 are the-FWHPs pependicular and parallel respectively to
- diode laser output slit (see Figure 4-8).
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The irradiance function I (a) needed for the two-dimensional analysis
can be obtained from I (8,)), by using the angular coordinate o and B shown
in Figure 4-9. The transformation formulas are: ;

\/;nzﬁ + coszﬁ sinfy = 1 -cos? cos?

sin @

cos § = cosa cos B
sind = sinf /sing

cos & = sina cosP /sin @

For the two-dimensional analysis CRADLE performs an average of the irrad-
jance function over the angular coordinate ﬁ . The integration over o is
performed by dividing the angular aperture of the optics in equal intervals.
Usually about 100 intervals are used.

The characterization of the laser rod is done in terms of its radius,
index of refraction and spectral absorption coefficientY (A). A file
containing information of the latter covering the spectral range of interest
has to be created for the calculation of the spectral and total absorption of
the pump radiation by the rod.

4.2.4 Results

In order to arrive at conclusions applicable to practical designs, a
pumping cavity with the configuration shown in Figure 4-4 will be taken as a
reference design. In this design the laser rod is surrounded by a jacket to
allow its cooling by force convection using an axial coolant flow. The
pumping cavity consists of eight single or double linear arrays symmetrically
Jocated around the rod. The output slits of the diode lasers are imaged near
the center of the rod by using a symmetrical doublet of plano-convex
cylindrical lenses. Divergence angle for diode lasers in the direction
perpendicular to the junction range as high as 60 FWHM (full width at half
maximum); typical values for high power diode laser arrays are in the 30° to
40° range. Assuming that the angular dependence of the i{rradiance follows a
gaussian function of the angle, for a collection angle 1.7 times the FWHM

4-17
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value the collected radiation will be 95 percent of the total output.

However, as can be seen from the irradiance function discussed in Section
4.2.3, the actual irradiance falls off faster than a gaussian and therefore it
can be considered that for that coliection angle practically all the radiation
emitted by the diodes is collected. This means that in most cases, the
collection angle required will range between 50° and 70°.

The design parameters that have to be defined and entered in the
parameter file of CRADLE are shown in Table 4-1. Data on the rod spectral
absorption is also required by CRADLE. This information is entered in a file
named Spectrum. Table 4-2 lists the value of the spectral absorption of a 1
percent Nd doped YAG crystal around the 808 nm center wavelength in the format
required by CRADLE, and Figure 4-10 shows a computer plot of this spectrum.
With the data shown in these tables, CRADLE proauces an output in table form
giving the cross-sectional pump power distribution for a 1/16 sector of the
rod as shown in Table 4.3. Figures 4-11 to 4-13 show slices of this
distribution cut along the radial direction for different angular positions
defined with the index i (see Figure 4-6 for the definition of this index).
CRADLE alse produces an angular average of the distribution and a radial
integration as shown in Figure 4-14 and Figure 4-15. It also gives the
fraction of the power emitted by the diode laser array that is absorbed in the
rod.

Calculated total absorption for a YAG rod doped with 1 percent of
neodymium are shown in Table 4-4 for several rod diameters and for two values
of the FWHM of the spectral output of the diode laser array. These values,
calculated for the full cavity with the configuration shown in Figure 4-4 are
also valid for the half cavity configuration discussed in Section 7. If the
rod diameter is taken as haif the diameter shown in the table and the reflec-
tivity of the reflective coating applied on the rod is considered to be 100
percent. The advantage of using arrays with a narrow spectral distribution is
clearly shown in this Table. State-of-the-art dicde laser arrays fabricated
using MOCVD technology are already producing outputs with spectral spreads not
larger than 4 nm.

-
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Table 4.2 Nd:YAG rod absorption spectrum.
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TABLE 4.4

Efficiency of pump radiation absorption as a function of rod
diameter and diode laser wavelength distribution width.
Distribution center wavelength: Ac = 807 nm. Reflection
losses are neglected.

- Rod Diameter
6 o 8 mm
Bandwidth, A
200 63% 79%
40 91% 96%
20 937% 98%
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4.3 SIDEPUMPING OF A SLAB

In this subsection we will briefly describe the basic characteristic
2ig-zag slab lasing and provide a aiscussion of the key design parameters
laser diode pumped sladb laser.

A description o? the design and performance of a dicde pumped slab 1
developed by McDonnell Douglas, and a discussion of several slab design

alternatives will conclude this subsection.

4.3.1 Current Status

The concept of a slab laser geometry with a zig-zag optical path cor
in the slab by total internal reflection was first proposed by Martin anc
Chernoch in 19724‘4. Slab geometry development was pursued by General
Electric for potential applications to high performance military requiren
during the past fourteen years. In this report, we review the recent
development in Nd:YAG slab lasers relevant to laser diode pumping.

Solid-state lasers traditionally have been fabricated in a rod geome
Under high thermal loading associated with optical pumping, the laser roc
mani fests radially dependent thermal and stress-induced optical distortic
These effects include thermal focusing stress-induced birefringence. The
effects severely degrade the performance of rod geometry laser systems a:
pump power levels. Thermal-optic distortion is the principal problem in
obtaining a high quality beam at high average power from a solid state 1/
The distortion can be classified as the sum of that caused by index vari:
with temperature and that caused by thermal stress birefringence.

In the slab-type laser configuration, the solid host materfal is in
form of a rectangular cross-section slab with plane parallel surfaces or
faces. The configuration is shown schematically in Figure 4-16. The sl¢
face-pumped optically, f.e., {11uminated through two opposing slab faces
obtain the required inversion energy in the active material, and, simult:
eously, the same faces are cooled to obtain a cne-dimensional, steady, tt
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state. Thermal stress results in the slab from the heating which is conct
ant with optical pumping and tooling. The volume heating is symmetrical
relative to the center plane of the slab, and, therefore, the thermal stri
averaged from one slab surface to the other is zero. These conditions le.
a high degree of compensation for thermal-optic distortion for a beam pas
from one slab face to the other. The laser beam is introduced into the s
through suitable entrance optics, usually through a surface at Brewster's
angle, as shown in Figure 4-16

In this figure the z-axis is parallel to the long dimension of the s
and the x-ray plane represents a cross section of the slab. The x-axis i
perpendicular to the major faces of the slab, and the y-axis is parallel
those faces.

The -slab geometry offers significant advantages compared to the rod
geometry laser configuration. The advantages primarily stem from the
rectilinear pumping and cooling geometry. In the face pumped and cooled
laser, the thermal temperature gradient is assumed to be in the y directi
The x faces are assumed to be insulated so that the slab appears to be
infinite in the x direction. Under these assumptions, the thermally indu
stress is also in the y direction. Furthermore, for light oolarized in t
or y direction there is no stress induced birefringence.

With the assumption that the edges of the slab are thermaliy insulat
one-dimensional thermal state results in the slab which is symmetrical ab
the center plane of the slab. Also, the thermal stress which occurs in t
slab is symmetrica) about the center plane. Each ray in the laser beam
experiences the same index of refraction variations in passing from cne s
face to the other; thus, no wavefront distortion occurs. The stress-indu
birefringence disappears when averaged over a path between faces, and no
depolarization results. Further, with uniform face pumping, uniform gain
across the optical aperture is assured, so there is no amplitude distorti
The zig-zag optical path also has the added advantages of averaging over
non-uniform slab pumping in the y direction and proving a longer gain pat
the laser medium.

. __ . — _



Strictly, however, the absence of distortion results only for a slab of
infinite extent, uniformly pumped and cooled. For a slab of finite width and
length, edge and end effects give rise to distortion in these regions. Also
uniformity of pumping and cooling are important in achieving the low distor-
tion inherent in the configuration. Thus the maximum pumping power which can
be used without significant distortion is determined by the deviation from
uni formity of pumping/cooling and the edge and end effects.

Pump or cocling induced gradients across the slab width (normal to the
plane of reflection), as well as end effects, are often the reason why the
slab configuration shows a disappointing optical performance. The slab
geometry has the disadvantages of a more expensive nptical fabrication and a
more complicated mechanical mounting geometry. Also, the internal reflection
~at the slab surfaces is sensitive to absorption in the coolant and to index of
refraction variations of the coolant. Due to the large polished and parallel
sides of a zig-zag slab laser, amplified spontaneous emission (ASE) can becqme
a problem in high gain materials such as Nd:YAG.

In the case of diode array pumping, the optical compensation property of
the 21g-zag slab is not the primary reason for choosing this geometry.
Compared to flashlamp pumping, the heat load produced by laser diodes is much
reduced; furthermore, arrays are not capable of high average power operations
at the present time. The attractive feature of the slab is the large rectan-
gular pump surface which matches the geometry of planar arrays. In addition,
the zig-zag slab provides for spatial averaging of the non-uniform pump
profile in the plane of reflection, caused by the exponentially decaying pump
intensity from the face of the slab. As we noted above, the slab has an
intrinsic compensation for non-uniform effec*s occurring for paraxial rays in
a plane of reflection.

The space based submarine laser communications program requires develop-
ment of efficient, reliable, long 1ived systems which can deliver 1 J/pulse of
455.5 nm at a pulse repetition rate of 100 Kz. As part of this program,
McDonnell Douglas Corporation has embarked on a program aimed at the demon-
stration of the technical feasibility of laser diode array pumped slab lasers.




The slab geometry was chosen because it offers the advantages of
efficient diode coupling, spatial averaging of the nonuniform diode pumpir
complete elimination of thermal and stress focusing, linear polarized outp
and high quality spatial mode output.

The end result of this development program was the fabrication and de
stration of a diode pumped slab laser with 3.85 cmz of pump area. Develop
of diode arrays with the required density, efficiency, wavelength and puls
repetition rate was the principal technical challenge of the program. The
design and fabrication of the Nd:YAG slab, resonator and Q-switch followr
traditional and established design concepts. Since this design represent:
state-of-the-art in laser diode pumping we will describe some of the deta:
design features as well as given details on the performance.

The Nd:YAG slab had a pump length of 8.9 cm, a height of 0.69 cm and
thickness of 0.67 cm. (Reference 4.5).

The Nd:YAG slab is pumped from one face only. The opposite face is
bonded to a copper heat sink containing a reflective coating to return unt
pump radiation back into the slab for a second pass. An anti-reflection
coating on the pump face is used to reduce coupling losses (the diode arr:
not in contact with the YAG). Liquid cooling is employed to remove heat
the YAG and diode heat sink.

As shown in Figure 4-17, the slab was pumped by seven planar arrays.
Each array was 0.9 cm long and 0.61 cm wide and had an emitting area of 0.
cm. On the average each array produced a peak power of 413 W, in a 216 .
pulse. Electrical input to each array was 58 A and 30 V, which resulted -
optical output/electrical input efficiency of 24.2 percent. The power der
achieved at the arrays corresponds to 750 N/cme. The total outout energy
derived by the seven arrays corresponds to €24 mJ.
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Figure 4-18 shows the long pulse output of the laser. The data shown
for two different output couplers. The highest slope efficiency of conver:
of diode pump energy to laser output was 36.8 percent with the 51.8 percen
refiector. The highest absolute efficiency of conversion of diode pump 11:
to laser output ws 26.7 percent.

Figure 4-19 shows the Q-switched performance in adaition to the long
pulses for comparison. Threshold is higher due to the losses caused by th
polarizers and the Q-switches. With a 51.8% refiecting output coupler an
output of 105 m) was obtained. This represents about 18.2 percent convers
of pump radiation to Q-switched laser output and a differential conversion
efficiency of 33.9 percent. This data was taken with 200 usec pump pulses
With 216 usec pump pulses and slightly higher pump fluence, 120 mJ Q-switc:
at 10 Hz was obtained.

4.3.2 Alternate COnf1gyrat1on

The output from the emitting surface of the laser diode array has to !
coupled efficiently to the laser medium. The standard approach is a close
coupled pumping scheme whereby the arrays are directly facing the slab or
surface. This is optically the most straightforward approach; however, it
places severe constraints on the packaging density of the diode array beca
the array has tu match the size of the slab pump surfaces.

For high average power operation the maximum heat dissipation from th
array (50-100 w/cmz) 1imits the performance of the laser. If the output f
the planar array is coupled to the slab via a compound parabolic cylinder,
about 2 factor four in array area can be gained, and the average power of
device can be increased by the same factor. An ideal 11ght collector or
compound parabolic cylinder (CPC) is a non-imaging device which can take a
large array output and geometrically compress it into an area as much as f
times smaller than the array (Reference 4.6). Actually the CPC 15 a non-
imaging 1ight funnel as shown in Figure 4-20 that derives its characterist
optical properties from the specific shape of the external wall, which is
specularly reflecting.
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Figure 4.18 Long-pulse slab performance (from Reference 4.3).
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Figure 4.19 Q-switched and long-pulse slab performance
(From Reference 4.5)
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Figure 4,20 Path of a ray striking the surface of a CPC almost tangentially.




The ideal 1ight collector is a non-imaging reflecting wall 1ight chann
that concentrates a divergent beam of light by the maximum amount allowed b
physical principles.

Figure 4-21 illustrates the concept with two arrays and two concentrat
being used with a single slab.

Compound Parabolic Concentrators (CPC's) in both troughlike and conelf
geometries have been built and tested for solar applications. Such devices
can achieve a concentration ratio (entrance area/exit area)

x = n/sin@ .. (trough)
2,einl
x = n°/sin"e . (cone)
_where 0., 1s the angular acceptance (half angle) and n is the index refrac

max
tion of the collector relative to the surrounding medfum.

Each CPC has a maximum acceptance angle, i.e., an angle beyond which s
or all of the radiation entering the concentrator is multiply reflected and
thereby not passed by the CPC. This radiation {s returned back to the diod
array and doesn't reach the slab.

4.4 PERFORMANCE MODELING

In order to determine the power or energy requirements of the laser df
array for a desired output, the laser efficiency must be known. In this
section, we will define the principal elements of a laser diode pumped solf
state laser that contributes to overall efficiency.
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Figure 4.21 Slab laser pumped by two diode laser arrays which
are coupled to the slab by two CPCs.

(Ref. SAIC ppposal "Semiconductor Diode Pumped
Solid State Lasers, August 1986)
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4.4.1 Energy Conversion Efficiencies

The energy transfer from electrical input to the laser diodes to laser
output from the solid state medium can conveniently be expressed as a three
step process:

o Conversion of electrical input to the laser diode array to pump
radiation. This will be expressed as the laser diode efficiency 7

o Transfer of pump radiation to energy in the upper laser level of tt
gain medium (upper state efficiency 17u),

o Conversion of the stored upper state energy into useful laser outpt
(expressed as output efficiency  ,),

With the definitions given above, we can write

Eout * Mo Mun out EEL (1)

where Eout is the laser output and EEL is the electrical input into the di:
arrays.

Each of the efficiency factors given above include several contributi
elements and steps which are involved in the pump and lasing process. The
parameters which determine these efficiencies will be discussed below and
specific examples will be given.

a) Laser diode efficiency

From the standpoint of the laser designer the parameter UD is a given
and depends on the fabrication process of the laser diodks or arrays.

The rate of change of the upper laser level, assuming no stimulated
emission, 1s given by

dN N

u u
— = Ny Wy - — (2)
p
dt TSp
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where Nu and N, are the population densities of the upper and ground state, wp

is the pumping rate and L is the spontaneous decay rate of the upper level.

p

In steady state the upper level population density is given by

Nu s lep Tsp . (3)

' The stored energy density in the upper laser level is

Es = thNu _ (4)

where th is the energy per photon of the solid state laser output.

The upper state population density and pumping rate can be related to the
total absorbed pump power Pabs'

It is Pabs = lepthV (5)

where th is the energy per photon of the laser diode pump, and V 1s the
volume of the solid laser medium.

Combining equations (2) and (3) and substituting N W, from equation (4)
yields for the stored energy aensity

PV [ TS
Es (?v:)(fvg)Paes (6)
The pump power absorbed in the solid state laser is related to the laser
diode output power Py as follows: o

Paas = Pp (1-¢ <221 (1-r) | (7)
where «a 0 is the absorption coefficient of the diode wavelength in the solid
state medfum, 1 is the path length of the pump radiation in the medium, and r

summarizes the reflection losses occurring between the pump source and the
solid state medium.
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1f we introduce equation (7) into (6) and note that

where ED and ty are the laser diode energy per pulse and pulse length,
respectively we obtain

L S -aD
Esy -<:!. T _Y-e i-r)g, (9)
HVD tD/

Instead of the energy density we introduce Eqr which is the total ener
stored in the ubnper level

EST = EgV (10)

We will examine briefly the terms of equation (9). The first term is
Stokes efficiency which accounts for the photon energy ratio of the laser
pump emission

N wy, /i
v hVL/nVD (11)

The second term expresses the fraction of pump power remaining prior
extraction by the Q-switched pulse

Tp = Top/ty (12)

For a pump pulse longer than the fluroescence 1ifetime, gain is reduc:
because of the depletion of the upper level by spontaneous emission. The
two terms in equation (9) determine the transfer efficiency from the pump
array into the active medium. ’

My = (l-exp(-aot)(l—f) (13)
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A high efficiency is achieved by making the slab thick enough to absorb
the diode radiation, even in the presence of tempertature variations in the
array. Reflection losses and spillover losses at the edges of the active
medium expressed by the parameter r have to be minimized for efficient
transfer of energy. Equation (9) can now be expressed as fo:lows

or
Est 27,5 (15)

We did add into the above equation the quantum efficiency’]o which -
expresses the fraction of pump photons reaching the upper laser ievel.

b) Output Efficiency

Conversion of the stored upper state energy into useful laser output
depends on the following factors:

fhe spatial overlap of the resonator modes with the upper state inversion
density this is usually expressed by the beam f411 factor Ng. Losses due to
amplified spontaneous emission (ASE) will reduce the available stored energy.
ASE 1osses can be taken into account by a factor 7 £

I'n Q-switched operation, the amount of stored energy extracted by the
pulse depends on the inversion above threshold as shown in Figure 4-22. We
will express the fraction of energy extracted by 7)gy. Optical losses L in
the resonator due to scattering, absorption or reflection further diminishes
the laser output. It is

1
Mg (16)

where Rl is the reflectivity of the output mirror. The efficiency factors
discussed above can be grouped together
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Therefore

Eout * Tout Est (18)

After having discussed the various steps involved in the pump chain of a
laser diode pumped solid state laser, we will give specific examples for
Nd:YAG lasers and compare different pump geomstries with respect to these
factors.

4.4.2 Comparison

Table 4-5 1ists the individual efficiency factors, discussed in the
previous section, for an endpumped, cyiindrical and slab Nd:YAG laser. We
will first discuss the factors which are independent of the particular pump
geometry. The quantum efficiency of 24 percent was chosen, because the arrays
incorporated in MDAC's slab laser operate at this efficiency. More recently,
linear arrays based on GRIN-SCH technology produced by MDAC's research
facility have efficiencies between 45 and 50 percent. C(Clearly, with the
incorporation of these arrays into Nd:YAG lasers, the system overall
efficiency listed on the bottom of Table 4-5 will double.

Laser diode pumped solid state lasers with overall efficiencies of 10
percent and above are within reach. The Stokes efficiency 77V = 0,76 is the
energy differrence between the 807 nm pump photon and the 1.064 um laser
photon. The quantum efficiency 7 0 for Nd:YAG is between 0.6 and 0.8
according to recent measurements by Shazer (4.7). In the pulsed mode, the
diode arrays are switched on the off at a time shorter or equal to the
fluorescence lifetime of 230 usec, thereforef, = 1. In the case of cw or
long pulse mode operation, ASE losses are zero and the extraction efficiency
is very high as indicated in the table.

The major differences between the three designs, as far as efficiency is
concerned, are in the area of beam fil1 factor, resonator losses and pump

transfer efficiency.
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Clearly the endpumped configuration has the highest beam fi11 factor due
to an almost complete overlap of the collinear pump beam and the resonator
modes. Beam fill factor is worse in the slab laser due to pump radiation
spill-over, edge effects etc. which are characteristics of a rectangular pump
geometry. The value of1lB-.75 is an estimate, based on the gain profile
measurement presented in Reference (4.5). Also the slab design has high
optical losses as compared to the other configurations, mainly as a result of
scattering Josses occurring Jue to the many bounces at the pump faces.

Introducing a reflectivity of R = 75.6 percent and a measured optical
single pass loss of L = 6.3 percent {Reference 4.5) into equation 16 yields
UR = 0.79. In addition, the report mentioned that substantially higher order
mode di ffraction losses occurred in the rectangular slab. The value of
ﬂR = .65 {s an estimate adjusted to yield the measured overall efficiency of
6.4 percent. With the exception of reflection losses at optical surfaces such
as windows or the laser medium, and spill over of pump radiation, the transver
efficiency is mainly determined by the absorption of pump radiation in the
Nd:YAG crystal.

For laser diode pumping of Nd:YAG, the absorption band from the ground
4 2

state to FS/Z and Hg/2 manifold states is of interest.

The absorption coefficient of Nd:YAG for the transition from 419/2 to
4 2
FS/Z and H9/2 is shown in Figure 4-23.

For a spectral width of about 20 R the absorption coefficient is a

13.8cm'1. For a bandwidth of 54 X, a is at least 2.6 cm’1
absorption coefficient isa = 3.2cm'1.

and the average

The pump power absorption coefficient for nominally 1 percent doped

Nd:YAG at 807 nm can be assumed %O beaD s 3.2 cm"1 in a 54 Z wide band.




Figure 4.23  Absorptivity of Nd:YAG near 810 nm

(Ref. B. Zhou et al, Optics Lett. vol. 10,
1985, P. 62)
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We have chosen this value, because the diode arrays in the MDAC laser had
a bandwidth of 40 A FWHM. The fraction of laser diode power absorbed vs.
Nd:YAG thickness is 1isted below:

1/com nT

0.4 0.72

0.6 0.85

' 0.8 0.92
1.0 0.96

The Nd:YAG slab of the MDAC laser is 0.67 cm thick and has & high reflec-
tance coating on the backface. Therefore virtually all diode laser energy is
absorbed. Since the pump face and window are AR coated we think ¢ " .95 1s
a good estimate for the transfer efficiency. The 5 percent loss accounts for
residua) reflections on the window and slab surface, small spiil-over losses
of radfation not entering the slab, and some radiation abcorbed by the back
reflector. The endpumped configuration, due to the long path, has excellent
transfer efficiency. The sidepumped geometry is not quite as efficient in
this respect. In order to obtain the necessary inversion for high output
power, the rod should not have a diameter larger than 4 or § mm.

1f one mounts the Nd:YAG rod in a semicylindrical heat sink with
backreflector as shown in Chapter 7, then the path length 1s doubled and about

90 percent absorption of pump radiation should be possible.

we will now turn our attention to the Q-switched performance of the slab.

The extraction efficiency of the stored energy increases with the number
of times about threshold gain as shown in Figure 4-22. For example, at two




times threshold, the extraction efficiency reaches 80 percent. The round
gain at threshold is given by

e n R2e29t-2at

where | is the length of the gain medium and a 1s the optical loss coeffi-
cient, R1 and R2 are the reflectivities of the front and rear mirror. Frc
equation follows the threshold gain coefficients:

Zta-mRIR2
oth =

21

Using again the MDAC slab laser as example, we insert the following
parameters given in Reference 4.5 {nto the equation above:

21 = 0.126 round trip absorption and scattering losses
Rl = 51.8 percent
R2 = 1.0

1 = 8.9 total pump length in the zig-zag path.

With these system parameters one obtains
9th = 0.044 cm™

From Figure 4-19 follows that the system is pumped 2.4 times above
threshold, which yields

9 = 0.10 em™l
max

The single pass gain Go s exp (gl) is therefore G = «.4.




This value 1s in good agreement with the measured data Figure 6-3 of
Reference 4.5.

In Nd:YAG a 1 percent gain per cm requires a stored energy density of E.
= 0.0031 J/en>. (Reference 4.8)

Therefore at Gmax the stored energy density is

ESy,, = 0-031 J/cm’
There {s an upper 1imit of the gain coefficient which can be achieved in

Nd:YAG before ASE starts to deplete the upper level. This becomes a problem

usually 1f the single pass gluing G = exp (gt) exceeds about 50, or gl = 4,

The product of gain coefficient times the path length in the slad for the

100 mJ laser is well below the ASE limit.

We will conclude this section by summarizing the salient performance
features for the pump geometries described in this chapter,

The largest payoff for all designs is an increase in diode efficiency.
In the case of the slab laser, a higher diode efficiency will not 'only
increase system efficiency but also allow higher average outputs, because
planar arrays have a power dissipation problem vhich iimits their average
power handling capability.

From a systems point of view, the relatively low beam f{11 factor and
optical losses of the slab laser need improvement. In the sidepumped
cylindrical system, absorption of pump power in small rods even in the
presence of a back reflector is not as high as in the other systems. Optical
Tosses in an end pumped configuration are important because at the lower power
and therefore low gain in these devices, reesidual optical losses are
particularly detrimental to laser performance.




From the standpoint of output power and energy the end pumped geometry is
Timited to about one watt or less of output. For a laser requiring large
pulse energies, the high power density afforded by planar arrays is needed.

We will conclude this section by summarizing the salient performance
features (besides efficiency) for the three varfous pump geometries described
in this chapter.

In the slab laser the higher beam fi11 factor and the optical losses are
the key areas which need improvement from the design standpoint. The largest
payoff in all designs is an increase in diode efficiency.

Oue to the small pumping area, the end pumped system {s 1imited to about
one watt.

The slab is capable of high energies per pulse. The side pumped
cylindrical rod yfelds high average power at less cost and complexity. For
high energy per pulse, the high pump flux afforded by planar arrays is needed.

For cw power operation or high repetition rate operation where not much
energy per pulse is required, the side pumped cylindrical rod yields the same
or better performance than the slab laser at less cost and complexity.

Figure 4-24 shows the projected power and energy regimes of the pump
configuration discussed here.

A side pumped slab laser is clearly the chofice for obtaining high pulse
energies. Heat dissipation from the planar arrays 1imits the average power.
A slab laser with flux concentrator is capable of higher average power
compared to direct pumping, since the concentrator allows to spread the arrays
over larger area. Since planar arrays are limited by heat extraction, linear
arrays employed in side pumped cylindrical configurations are just as powerful
and can even exceed planar arrays. If a sidepumped cylindrical laser is
repetitively Qsswitched, pulse energies of up to 4 m) can be obtained with
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commercially available linear arrays. This would be for a pump system
consisting of 20 linear arrays of 5W output each generating 20W average po
from the laser. At a 5KHz repetition rate, one obtains 4 m)/pulse.
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5. COOLING TECHNIQUES (Task 4)

In Section 5.1 we will address the problem of achieving compact, high
performance forces liquid cooling of planar and linear arrays. The advent of
high-density planar arrays with power densities of lkw/cm2 per pulse implies
the requirement for effective and compact heat removel if h1gh repetition
rates are to be achieved.

We will show that by scaling liquid-cooled heat exchange technology to
microscopic dimensions, an improvement of a factor of five should be feasible,
i.e. the thermal impedance can be reduced from about 0.5 oC/N/cm2 character-
istic of current design to 0.1 °C/H/cm2.

In Section 5.2 we investigate heat dissipation and cooling of the diode
pumped active medium. The thermal load of a diode pumped laser is consi-
derably less than for flashlamp pumping. In order to take advantage of the
low heat load, conductive cooling of the active medium is very desirable.
Details of efficient heat conduction techniques for laser diode pumped slab or
cylindrical solid state materials will be presented. )

5.1 HIGH PERFORMACNE HEAT SINKS FOR DIODE LASER ARRAYS

Adequate cooling of the crystal laser arrays is required for several
reasons. At around room temperature the 1ife of a typical diode laser
decreases by a factor of two for every seven to ten Celsuis degrees of
increase in temperature. The emission wavelength of the diode lasers changes
with temperature, and for some laser materials that have very narrow pumping
bands, this may impose strict requirements on the tempeature stabil{zation
function of the cooling system. Temperature also affects the threshold
current and efficiency of the arrays.

The shermal design of a diode laser pump system depends very strongly on
the kind of opeating mode. Because of power and space 1imitations, diode
Jaser pump systems opeating in the pulse mode with low duty cycle will always




produce low average heating rates. Under this condition the design is not
that critical in terms of reduction of thermal impedances. The situation
much more difficult when the system operates in the cw mode. Here the mir
zation of thermal impedances is of paramount importance, and it is therefc
required to resort to some unconventional designs that will be presented °
in this section.

In a diode laser the heat source is mainiy concentrated in the &ctive
layer region and around the intersection of this layer with the facets. (
heating is distributed along the current path through the crystal and over
contact areas. In a well designed device this heating source is not the r
important and can be ignored. Figure 5-1 shows the different media and
components in the path of the heat flow from the active layer to be coolar
and Figure 5-2 shows a blow-up of a particular diode laser design, taken -
Reference 5.1, describing similar details.

From the point of view of the designer the diode laser can be fully
characterized by 1ts geometry, thermal impedance and heat dissipation rate
Given a particular 1ase? design these parameters can be determined by mea:
ments or calculations. An example of the latter method is presented in
Reference 5.1 for the determination of the diode thermal impedance. Cons
dering the particular design shown in Figure 5.2, the authors calculated -
the junction-down configuration a thermal impedance of 20.6 K/W, and for -
junction-up (with the substrate on the heat sink) they determined a value
82.9 K/W. 1t is reasonable to assume that a stripe of the dimensions sho
Figure 5-2 could provide an output of about 50 mW with an efficiency of 4
percent. In this case, the power dissipated by the diode would be about °
and the temperature at the junction would be, for the junction-down mount:
20.6 x 0.075= 1.54 ° larger than at the bourd layer, which is not very
significant. For a pulsed system it may also be important to determine t!
"relaxation time of the active layer temperature. However, for a typical
diode, this is in the order of 10 to 100 ns, and since for the majority o
applications the pulse length required is larger than about 100 s, this
relaxation time can be ignored.

5-2




8e11y apoiq 136e7 jo Juj[00) 10j 21nIINIIS HUIS 1B3H JO OJIeWdYIS [°C ainTry

juej00)

193ueyoxy 1eajy

31N30nN13S Junoy

-5.3-

13afe] puog

_
w

_ -suor3IduUnf 13se] apoli(




Figure 5.2

conductivities (Reference 5.1)
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The heat sink design that has been selected most often in the past for
several proposed or built systems operating in the pulsed mode involved
mounting the diode in metallized BeQ slabs that are stacked together and
attached to a heat exchanger or are bonded directly to grooves cut on the
surface of the heat exchanger (see Figure §-3). BeO has a high thermal
conductivity (half as large as that of copper) and being an electrical
insulator has the advantage of simplifying the overall assembly. Furthermore,
it has a thermal expansion coefficient not much larger than that of GaAs and
therefore it does not generate as much thermal stresses in the diode laser as
copper for example. However, for high average power applications, where the
need to reduce thermal impedances requires mounting the diodes directly on the
heat exchanger, other materials and design concepts are required. The rest of
this section will be devoted to a presentation and performance analysis of
these other design options.

Most of the diode laser linear arrays currently in the market are mounted
directly on copper sinks using a soft bond material such as indium. A soft
material is required to 1imit the thermal stresses produced by the large
difference in thermal expansion coefficient between copper and GaAs. Indium
also has the advantagte of melting at low temperatures, therefore reducing the
possibility of thermally damaging the diode lasers during mounting. These
thermal sinks are of large dimensions as compared to the size of the array to
reduce the thermal impedance of the assembiy. Type Il diamond has a thermal
conductivity five times as large as that of copper and its use as a heat
spreader has been suggested in order to further reduce that impedance (see
Reference 5.2). The use of a silicon submount as a buffer layer to absord the
thermal strain differential between the diode and a copper heatsink has also
been suggested in the past and a recent study (Reference 5.3) has shown to
produce the desired effect when this submount is adequately sized. However,
silicon has a Yow thermal conductivity, and its use can severely degrade the
thermal performance of the whole assembly.

Area arrays built by stacking linear arrays mounted on copper slabs, such
as illustrated in Figure 5-3, have to be cooled by contact with a heat
exchanger. A high performance heat exchanger capable of handling fluxes of up
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to 100 W ¢cm™ and having a thermal impedance of about 0.1 Oc/w for a 1 cm2 area

have been demonstrated (Reference 5.4). Figure 5-4 shows the basic design of
this heat exchanger. A ccoling configuration as shown in Figure 5-3 could
have at best a thermal impedance of about 0.22 Oc/w for a 1 cm2 area without
consideration of the thermal impedance of the diodes and bond layer. If the
maximum allowed temperature at the bonding layer is 60°C and the water
temperature is 20°C then the maximum heat dissipation allowed would be 180 W.
For diode laser arrays with an efficiency of 40 percent this would correspond
to a maximum of 120 H/cm2 of pumping radiation flux in the cw mode. Consi-
dering agair the design of Figure 5-3 this would correspond to linear arrays
producing 6 W/cm. State-of-the-art linear arrays can operate in the cw mode
at levels several times that level of output. Current developments point to
the feasibility of arrays operating reliably and with acceptable life at cw
output levels of 25 W/cm.

2

Obviously, new concepts for the mounting and cooling of these arrays have
to be developed.

The desigmr of Figure 5-3 fails in providing the low thermal impedance
required for high flux area arrays because of the long distance between the
thermal source and the coolant channels. A considerable reduction of this
impedance can be achieved if the cooliant channels are placed immediately under
the bond layer as illustrated in Figures 5-5 and 5-6. 1In these designs the
diodes are mounted directly on miniature heat exchanger(s) that can be very
conveniently stacked. Figure 5-7 shows a constructional detail for the kind
of mount that has been proposed here. A simplified thermal analysis for this
design are coalesced into a single one occupying the same width as all of them
together and having the same opening. The area of contact with the coolant
for this larger passage is still about the same as for the original passages

taken together. As a simplifying assumption the convective heat-transfer
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coefficient h is taken as independent of the wall and fluid temperatures a
defined as:

h ~ Q/npL(T, ~T¢)

where 6 is the heat flow, Tw and Tf are the wall and mean fluid temperatur
respectively, p is the cross-sectional perimeter of each channel, L is the
channel length and n is the number of channels. Furthermore, the temperat
at the cold edge of the channel is assumed to be the coolant fluid tempera
(this would actually be the case for an infinitely wide channel).

For a one ¢m long linear array generating an output of 25 W with an
efficiency of 40 percent, the dissipated power is 37.5 W. If the maximum

temperature rise allowed for the cooling water is of § C, then a flow of 1

cm3 will be needed. The cross-sectional area of the four coolant channels

shown in Figure 5-8 is of 0.0012 cmz. Therefore, the coolant fluid mean
velocity will be about 1500 cm/s.

The determination of the value of h for the design of Figure 5-8 reqt
the following definitions:

Nu~hDeff/k, the Nusselt number, a dimensionless heat transfer
coefficient;

Pralicp/Kf, the Prandtl number, a property of the fluid (Pre=6.4 for w
at 23C);

Re-vaeffPA‘ , the Reynolds number.

Here Deff is a "characteristic width" of the channel, defined as Deff
(cross-sectional area)/{Perimeter p). The terms wuK, P, Cp and v, denote
respectively the viscosity, thermal conductivity, density, specific heat,
mean velocity of the coolant fluid. For the design of Figure 5-8 the valt
the Reynolds number is 2250, which is just over the transition value of 2l
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Therefore, a laminar flow will be assumed for the calculation of h. For
calculating Nu, we further assume that the flow is “fully developed,” 1.¢
invariant along the channel length a good assumption if Pr > 5, a is the
for most 1iquids). Then Nu is a monotonically descreasing function of
x/(Deff, Re, Pr) where x is the distance from the entrance of the channe’
(0¢<x<L). Asymptotic formulas are:

X -1/3

Nu~ for x/(Deff Re Pr) << 0.02

Deff Re Pr

Nu = Nu,., a constant, for x/(D ., Re Pr) > 0.02

“fully-developed temperature profile").

Not knowing a priori which region we are in, we conservatively assur
that Nu has the minimum, asymptotic (large x) value Nuoo; in any case th
dependence of Nu of x is weak. The exact value of Nu,, depends on the si
of the channel cross section but is usually between 3 and 9.

Thus we approximate h-kauX/D, where Nux is between three and nine.
result is consistent with an intuitive model for convection in which the
is conducted through the fluid to the middie of the channel, where it is
transported away by the flow. For a given coolant fluid, clearly the on
to significantly increase h is to reduce D. Achieving very high values
therefore requires channels of microscopic width.

Assuming Nus9, which is justified for a Reynolds number of 225C, th
for the design of Figure 5-8, h = 3.6 w/cm2°c. and the thermal impedance
one cm wide mount results gmount = 1.9°C/H. Considering the effect of ¢t
coolant fluid temperature raise as equivalent to a thermal resistance Gf
(1pPC )'1, where f is the coolant flow rate through all the channels, th

p
total thermal impedance of the heat sink design of Figure 5-8 results:

0 0 = 2.0%/w

mount v 9f'lu1d

heatsink :




For a linear array dissipating 37.5 W/cm, this would amount to a temper-
ature differential between the diodes and the cooling water of 75%.

Assuming a stacking density of 20 linear arrays per c¢m, the thermal
impedance of a one cm2 assembly will be 0.1 °C/W, which is the same value
measured for the high-performance heat sinking design of Reference 5.4. It is
possible that by careful optimization of the design of Figure 5-8 this thermal
resistance could be rendered even lower. However, the estimated value given
above is already showing a very acceptable performance level for this kind of
design. In fact, if a more realistic value of 40°C for the temperature

differential between diodes and cooling water is cdnsidered, then, for diode
lasers with an efficiency of 40 percent, the cw pumping flux could reach the
value of 270 W/emZ.

To complete the analysis of the design of Figure 5-8 it is necessary to
evaluate the pressure drop along the channel and the circulation power. For
laminar flow, the pressure drop AP across a channel of Tength L can be
calculated using the following expression:

12 ul
AP & —p—

We
which is valid for flow between parallel plates and is only approximately
valid for the moderately high aspect ratio channels of Figure 5-8. With the
value of Ve estimated earlier, and the design value for wc, 0.01 cm, this
pressure drop is about 30 psi, a very reasonable number. The circulation
oower required for this flow condition is 0.32 W, which is almost negligible
compared to the array heat dissipation power.

Copper mounts present the problem of the disparity in thermal expansion
coefficient with the material of the diode laser arrays: GaAs {16.5 «x 10'6/K
for copper vs. 6.8 x 10'6/K for the latter). The life of the diode laser
arrays is strongly affected by the large thermal strains developed in these
assemblies because of the degradation effects generated by fast multiplication

5-15




of dislocations through the climb motion. Dislocation slip induced by str:
seems to be the primary stage of the degradation.

There is no easily machineable material available that would have a
thermal expansion coefficient close to that of GaAs and still show the lar¢
thermal conductivity of copper. There is, however, the possibility of
developing metal matrix composite materials such as graphite fiber/copper
composites that would allow the tailcring of the expansion coefficient to
match that of the diode lasers without seriously deteriorating the high
thermal conductivity of copper. Aluminum, magnesium, titanium, lead and
nickel alloy matrix fiber reinforced composites have been fabricated at Un-
Technologies Research Center since 1965. This longstanding, and highly
effective, basic metal matrix com 1isite technology has formed the foundati:
for extensive exploratory fabrication of gas turbine engine components as -
as other aerospace related hardware items.

In summary, we have shown that by applying 1iquid cooled heat exchange
technology to very small dimensions, the thermal impedance of the heat sini
of the laser diode array can be reduced from about 0.5°C/H/cm2 to 0.1°C/w/(
This implies that for a given temperature rise allowed in the diode array,
average output power can be increased five fold. The complexity of the
cooling system for the arrays brought about by a very high packaging densi
is greatly reduced if the arrays can stand-off from the Nd:YAG laser. As
mentioned before, compound parabolic concentrators or refractive optics car
employed to accomplish this.

Heat dissipation from planar arrays becomes the limitation in high
average or cw operation. The probliem can be ameliorated by increasing the
efficiency of the laser arrays. At present, conversion efficiency of the
planar arrays is 24 percent. Therefore, for every watt emitted 3.2 W are
dissipated. In the newest GRIN-SHC devices, however, conversion efficienc:
to 45 percent can be achieved routinely. Irn this case, only 1.2 watts are
dissipated for every watt emitted. Thus, the average emitted power could
increased a factor of 2.6 without increasing the total dissipated power by




being able to reproducibiy achieve 45 percent conversion efficiency. It is
readily -apparent that tremendous gains in average output power can be made by
increasing the diode efficiency above the current levels. Such improvements
would be crucial in applications requiring high repetition rates, high power
density or where high conversion ef iciency itself is a primary parameter.

5.2 COOLING OF THME SOLID STATE MATERIAL

We will first quantify the heat load that the laser medium must accom-
modate. In a laser diode pumped solid state medium, as opposed to a flashlamp
pumped system, the only sources of heat are due to the quantum defect between
the energies of the absorbed pump photon and the laser photon ( n) and the
fraction of photons returning from the pump band via non radiative processes
to the ground state ( 7Q).

From Section 4.3 we obtain for the stored upper state energy:

Est* My Me Mo Eag
where EAB fs the energy absorbed in the gain medium.

The heat dissipated EH in the laser medium is given by the fraction of
diode pump power absorbed but not radiated:

EH=(1-'IV’7p Ny E

Q" "AB

It is customary in flashlamp pumped systems to express the thermal energy
as a fraction of the upper state stored energy, 1.e.:

E’i . 1-Mv7me7Q

Est My Mp Mg
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Introducing the values for Nd:YAG given in Section 4.4 77v = 0.76,
np s 1, ”0 = 0.8 we obtain:

EH
— = 0.64
Esy

Since the stored energy and laser output energy are related by EOUT s
Nout EST and a laser diode pumped Nd:YAG laser has a typical value of 0
0.46 (see Table 4-5). We obtain also:

EH
—_—= 1.4
Eout

It is instructive to compare these ratios with those obtained in
flashlamp pumped Nd:YAG lasers.

/ Mangir et al. (5.4) experimentally determined the energy stored and t
heat generated in flashlamp pumped Nd:YAG. They found that the heat depos
percent stored energy is 1.5-2 times the value expected from the known spe
troscopy of the Nd ions in these hosts and the emission spectrum of xenon
flashlamps.

In flashlamps pumping, there are other absorption processes which can
heat the laser host without contributing to pumping the F3/2 level of the
fons. These include UV absorption by the host, absorption of IR from the
flashlamp ( A> 1.1 um) by the Nd ion, absorption by impurity ions, which
not transfer this energy to Nd ions. The measured value of heat deposited
unit stored energy in a flashlamp pumped Nd:YAG laser is:

Ey

— = 3.25
Est




and using the same value for Mgyt we obtain

EH )
—_—s 7.1

Eout

In other words, in a flashlamp pumped system, the Nd:YAG crystal has to
dissipate five times the heat as compared to a laser diode array pumped laser.
For example, only 70 W of heat has to be dissipated in a diode pumped YAG
laser with 50 W average output power, as compared to 355 W for the case of a
flashlamp pumped system.

E

" oto0e | 4,
ERLAMP

The Nd:YAG slab or rod can be conduction cooled by attaching it to a heat
sink, or it can be gas or liquid cooled.

For laser diode pumped Nd:YAG systems, conduction cooling is attractive
for a number of reasons: the heat load is considerably lower compared to
flashlamp pumping, a cooling jacket and flow passages are eliminated in the
pump path thus increasing efficiency, and the design is simplified.

The thermal load of the laser medium is only a fraction of that of the
laser diode array. Therefore the heat sink design is not as stressing. The
following example will illustrate this difference. We assume that the MDAC
slab laser discussed in Section 4.3 is operated at 100 Hz. Since the energy
per pulse is 100 mJ and the efficiency is 6.4 percent in long pulse mode, the
laser has an average output of 10 W and requires an electrical input power of
156 W. Diode efficiency is 24 percent; therefore, 119 W has to be dissipated
by the diode array heat sink. Since the array area is 3.85 cm, we obtain
31 w/cmz. According to our previous calculations a laser diode pumped Nd:YAG
system with 10 W output will generate 14 W of heat in the active medium.
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For the single side pumped siab laser, bonded to a2 heat sink on one -
this amounts to 3.6 A/cmz.

The heat dissipation in the planar array is 8 times that in the Nd:Y/
slab. A steady state thermal analysis of a conduction cooled slab or rod
be partitioned into the following elements:

o Temperature 1radient and profile in the laser medium
e Temperature drop across inter - > of laser medium and heat sink
. o Temperature gradient in the heo. sink.

The temperature difference from the cooled edge to the pumped edge o
Nd:YAG slab is given by:

Pd

-H
AT, = _H_
1 A

where d is the slab thickness, load, A surface area, K thermal conductivij
With Py = 3.6 H/cm2 from our previous example, and with A = 3.85 cmz,

k = 0.13 W%em, and d = 0.67 cm

we obtain: AT, = 18.59C

In a cylindrical geometry the temperature gradient for the rod cente
to the surface for uniform heat generation is given by

Py

ATI 5 ——
4kl

where L is the rod length. If the rod is cooled one half of its surface
as shown in Figure 7-2, a reasonable approximation is to multiply .ATl by
in order to obtain “he temperature drop across the rod.




The interface between the Nd:YAG crystal and the heat sink usually
consists of a highly reflective gold or silver coating and a solder such as
indium or gallium or a silver epoxy between the crystal and the heat rod. -

The Nd:YAG crystal is usually bonded or soldered to a co.per heat sink by
means of silver epoxy, indium or gallium. In addition a highly reflective
gold or silver coating is apnlied to the crystal surface which is in contact
with the hea. sink. This metal coating reflects the diode laser pump
radiation back into the Nd:YAG crystal and provides good thermal contact. 1In
the case of a 2ig-zag slab laser, a thick dielectric coating of 5102, MgF2 has
to be applied to slab followed by a coating of silver, copper and gold.

The dielectric layer allows total internal reflection without the field
penetrating to the silver layer. The silver reflects the diode laser pump
1ight back into the Nd:YAG slab and provides good thermal contact. The copper
and gold layers protect the silver and eventually are contacted to the heat
sink.

A Nd:YAG rod has to be mounted in a carefully machined saddle of the heat
sink as shown in Figure 5-9. The attachment to the heat sink is the same as
that outlined above for the slab, although no dielectric coating is needed.
The temperature rise across the boundary is given by the equation:

= ja)
AT, = P, =

where PH is the heat flow rate, A X is the toundary thickness, A is the
surface area, and k is the thermal conductivity.

As an example, for a silver filled epoxy resin with a thermal conduc-
tivity k = 1.6 W/°C cm and a layer thickness of AX = 0.1 mm we find
4&T2 = 0.02°C for the slab laser considered here.

P p— . o e e et e e e e T —— e -
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A1l of the heat input can be assumed to be transferred to the heat sink.
The temperature gradient within the heat sink is given by

PH g

AT, =
3 A

where d is the thickness of the heat sink with d=5 mm, and k=4 w/cm/X for
copper and PH and A as before we obtain

AT, = 0.45%

As illustrated in this example, the largest temperature gradient occurs
in the active medium, and the temperature drop across the boundary and within
the heat sink can be neglected.
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6. RESONATOR DESIGNS (Task 4)

A large amount of research has been devoted in the recent past to the
design of new optical resonator configurations, which could optimize the
efficiency of energy extraction from solid state lasers. In fact, operation
with stable cavities in TEM00 mode, while producing a beam with a smooth and
well-controlled spatial profile, results in a poor filling of the active
volume and hence in a large waste of the stored energy. Recent developments
can be divided into the following two optical designs: stable telescopic or
concave-convex resonators and unstable resonators. Both schemes were exten-
sively studied and experimentally tested and found also commercial exploita-
tions, exhibiting somewhat competing characteristics. (References 1-8)

In stable telescopic resonators a magnifying telescope is added to a
conventional stable cavity to expand the mode cross section in the arm of the
cavity where the field interacts with the active medium. In the concave-
convex resonator, the same effect is achieved by the particular choice cf
mirror curvature and resonator length. 1In both ceses, the beam quality
remains good, but the mode volume is still 1imited, for the TEMOO mode .
Furthermore, at the highest intensities, damage problems arise for the optical
elements in the resonator section where the beam gets its smaller dimension.

On the other hand, the unstable resonators have become very popular in
their confocal positive branch realization and provide the greatest energy
extraction, but the field they produce presents a strongly structured spatial
shape and the resonator is very unforgiving in terms of alignment tolerances.

In the large number of publications dealing with unstable resonators that
followed the pioneering work by Sfegman (1), very 1ittle attention has been
paid, both theoretically and experimentally, to the subject of confocal
negative branch configurations.




The main explanation is found in the unattractive presence of a foca
point inside the cavity, which can give rise to air breakdown or to damag
optical elements in its neighborhood. Actually a few reports have occasi
1y appeared describing the operation of negative branch unstable resonato
conjunction with dye and solid state lasers but those results did not
stimulate further developments in this direction.

On the other hand the negative branch unstable resonator exhibits so
unique attracting features: First, they possess an intrinsically higher
misalignment tolerance in comparison with equivalent positive branch sche
Second, if an aperature stop is located at the focal point a much smoothe
output profile can be achieved as compared to a positive branch unstable
resonator.

Currently, flashlamp pumped, as well as laser diode pumped slab lase
employ confocal positive branch resonators. A description of the main
characteristics of this class of resonators is given in subsection 6.1.1.
subsection 6.1.2 we will assess the pros and cons of employing confocal
negative branch resonators for laser diode pumped slab lasers. For syste
having low gain, such as a CW laser diode pumped Nd:YAG laser the stable
resonator is a clear choice. The concave-convex and the telescopic reson
will be discussed in subsections 6.2.1 and 6.2.2, respectively.

6.1 UNSTABLE RESONATORS

The unstable resonator first described by Siegmanl’2 has been studie
extensively both theoretically and experimentally. Excellent reviews are
found in references 3 and 4. The most useful property of an unstable
resonator is the attainment of a large fundamental mode volme and good sf
mode selection at high Fresnel numbers. In other words, unstable resonat
can produce output beams of low divergence in a short resonator structure
which has a large cross-section.

The stable resonator, whose mirror configuration corresponds to a st
periodic focusing system, has a long slender Gaussian-profile lowest-orde




mode whose diameter is of the order of a2 few times (LA )1/2. If the diameter
of the laser medium is 2a, then the area ratio of the laser medium cross
section to the lowest-mode cross section is of the same order as the Fresnel
number NF=a2/LA characterizing the laser medium. If this Fresnel number is
much larger than unity, the lowest-order mode will extract only a fraction
==1/NF of the energy available in the laser medium, and/or the laser must
oscillate in a sizable number of higher-order modes to extract all the energy
from the laser medium.

Therefore in order to produce a diffraction-limited output beam, the
Fresnel number of the laser must be on the order of unity or smaller. This
usually limits the diameter of the laser gain medium to a few millimeters,

The lowest-order mode in the unstable resonator, by contrast, since the
unstable resonator corresponds to a divergent periodic focusing system,
expands on repeated bounces to fil1 the entire cross section of at least one
of the laser mirrors, however large it may be.

An unstable resonator may be used to obtain a nearly diffraction.1imited
output beam from a large-diameter gain medium which has reasonable high round-
trip gain: ZGOL9>1.S, where Go is the small-signal gain per unit length and
Lg is the length of the gain medium. The light rays in an unstable resonator
walk outward from the center of the laser.

The laser output 1s taken as a diffraction-coupled beam passing around
rather than through the output mirror. An output beam from an unstable
resonator usually has an annular or rectangular-annular intensity pattern in
the near field.

Immediately following its invention, the significance of the unstable
resonator was recognized for the extraction of diffraction 1imited energy from
large volume gas 1asers.7'8 However, only recently have unstable resonators

been applied to solid state laser systems. There are a number of reasons for
this slow acceptance. The laser medium must be of high optical quality, for




an unstable resonator to be effective. This requirement has limited appli
tions of unstable resonators primarily to gas lasers because the time- and
power-dependent thermal distortions occurring in solid state lasers make t
type of resonator unattractive.

In addition, the output coupler of an unstable resonator, having the
dimensions of a few millimeters in typical solid state lasers, is much mor
expensive and difficult to fabricate in comparison to a partially transmit
mirror required for a stable resonator.

Furthermore, the alignment tolerance of an unstable resonator is more
critical compared to its stable counterpart and the advantage of a large n
volume is achieved at a sacrifice of mode quality because of aperture
generated Fresnel fringes. The output from a solid state laser is often
passed through amplifier stages, or the oscillator may be followed by a
harmonic generator. The near field beam pattern of an unstable resonator
which consists of a doughnut shaped beam with diffraction rings and a hot
in the center is not very attractive in these applications.

As we will discuss later, several new designs have been successful ir
circumventing some of these shortcomings.
About 10 years after its discovery, Byer et a1.5'6 applied the unstat
resonator concept for the first time to a Q-switched Nd:YAG oscillator/
amplifier system. They did achieve a marked improvement in Nd:YAG output
energy in a diffraction 1imited mode.

Despite these earlier demonstrations of the concept, the limited des-
flexibility brought about by the somewhat cumbersome output coupling of t!
unstable resonator, and 1ts poor tolerance to mirror alignment and optica’
quality of the laser medium, didnot make it an instant favorite among sol-
state laser designers. Most commercially available solid state lasers st-
have stable resonators.




A stimulus for further study and research on emplnying unstable
resonators for solid lasers was provided by the zig-zag slab laser. These
structures, having a narrow rectangular cross section and an optical beam with
very few distortions, are ideally suited for unstable resonators. Today, most
flashlamp pumped and laser diode pumped solic state slab lasers employ
unstable resonators. As a result of this activity, several commercially
available flashlamp pumped Nd:YAG rod systems also feature an unstable
resonator.

The most useful form of unstable resonator is the confocal unstable
resonator, introduced by Anan'ev et a1.7 and by Krupke and Sooye. A primary
advantage of this configuration is that it automatically produces a collimated
output beam. Confocal configurations can be divided into positive and
negative branches as shown in Figure 6-1. The negative branch confocal
configuration has significant practical advantages in the form of more easily
~obtainable shorter-radius mirros and considerably easier mirror alignment
tolerances. However, the posif1ve-branch resonator seems to be universally
employed in practice because the internal focal point in the negative-branch

case leads to unacceptable difficulties with optical breakdown.

In analogy to high energy lasers utilizing unstable resonators the output
coupling can be accompiished by means of a scraper mirror or edge coupler.
Figure 6-2 shows relevant adaptations for solid state lasers.

Figure 6-2a illustrates an unstable resonator with an output scraper
mirror. It is inclined at an angle of 45° to the resonator axis and has a
hole in its center which allows 11ght to pass through it and be fed back into
the resonator to sustain the lasing. Because the end mirrors and scraper are
oversize, this hole determines the size and shape of the beam outcoupled from
the resonator.

Figure €-2b ;hows the design of a typical positive-branch, confocal

.unstable resonator. This design usually consists of a concave mirror M1 and a
polka-dot convex output mirror Mz, both c¢f which are totally reflecting. The
polka-dot is a small circular spot of radius d centered on a zero-power lens.
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Figure 6.1
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The output beam is collimated as it exits the resonator around the edges ¢
the polka-dot mirror.

While these two output coupling technigues are borrowed from high enc
lasers the designs mentioned below are more germane to the design of solic
state lasers. In an attempt to eliminate the Fresnel diffraction fringes
which can cause damage to optical elements in the output of the laser, the
radial birefringent element and apodized or soft aperture designs have bet
developed.

The radial birefringent element is based on a radial variation of ph:

retardation in a radia)l birefringent element, when combined with a polari:
form a radial intensity filter, which permits realization of Gaussian-1ik¢

reflectance mirrors and soft apertures.

The design of birefringent elements and their incorporation into uns-
.resonators is discussed in detail in References 9-11.

In its simplest form, it is a lens of birefringent material. When a
polarized optical beam passes through the lens, the radial variation in
thickness of the lens creates a radial variation in the polarization of ti
optical beam. If the beam then passes through a polarizer, the radial va
tidn in polarization is converted into a variation in the beam intensity.
Thus the combination of a radial birefringent element and a polarizer fort
radial intensity filter which provides the capability for smoothly modula
the intensity profile of an optical beam.

- Each radial birefringent element has essentially three parameters th:
determine the modulation profile of the beam, the center thickness, the r:
of curvature, and the angle between the principal axis and a polarization
axis. The first two parameters are set at the time of fabrication, and t!
third is varied as the need arises. Although a single-element can be des
to generate many useful profiles, multielement radial birefringent elemen

can generate a much larger set of modulation profiles.




A schematic of the radial birefringent element resonator is shown in
Figure 6-3a. The reflectance profile is shown in Figure 6-3b. As one can see
from the curves the resonator has a flat topped intensity profile that is free
from Fresnel fringes.

Figure 6-4 shows a design in which the output coupling is accomplished
via a Q-switch and polarizer. An apodized aperture eliminates Fresnel
diffraction rings. A different output coupier is shown in Figure 6-5. The
schematic shows a negative branch unstable resonator featuring an internal
aperture which has a diameter designed to remove diffraction rings from the
near field beam pattern. A quarter waveplate and a polarizer provide the
output coupling. ‘

6.1.1 Confocal Positive Branch Unstable Resonator

The confocal positive branch unstable resonator is the most widely used
form of the unstable resonator for solid state lasers. It avoids a focal
point in the beam and produces a collimated output beam. It has the disadvan-
tages of a hole in the center with resultant Fresnel fringes unless either an
apodized aperture or a radial birefringent element is employed as output
coupler,

The cesign of a confocal positive branch unstable resonator which takes
into account thermal lensing of the laser rod is discussed in References 6.12.

Referring to Figure 6-1 the annular output beam has an outer diameter of
D and inner diameter d, where d is also the diameter of the output coupler.

The resonator magnification
M= 0/d (1)

is the smount that the feedback beam is magnified when it travels a round trip
in the resonator and becomes the output beam.

6-9
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Figure 6.5 Negative Branch Unstable Resonator




The geometrical output coupling is related to the magnification M by

8g° 1 - (2)
Me

For a confocal resonator, the mirror radii are given by

. -2
R 2 cvm— (3)
1w
at (4)
Ry *
2 Ty

Where L is the cavity optical length and R1 and R2 are the output and
back-cavity mirror curvatures. Note that the output mirror has a negative
curvature and thus is convex, while the high-reflection mirror has positive
curvature and 1s concave.

Siegman (3) has investigated the relaticnship between M and the output
coupling & for confocal unstable resonators and has shown that § is less than
geometrically predicted value (1 - I/MZ). Resonators should be designed to
operate at half-integer equivalent Fresnel numbers (Neq) to obtain best mode

selectivity. Equations relating M and § under these conditions lead to the
following expressions

2 -
‘MZ i » 1.448 - 0.448 (Neq 0.5) |
> = 1.068- .068 2 (Neq = 1.5) (5)
M
) (Ngq 2. 2:5)

For positive branch confocal unstable resonators:

M-1

Ml

eq




where NF is the conventional Fresnel number defined by the resonator lengt
and mode diameter d by:

Ng = D2/4LA (7)

Physically, the half-integer equivalent Fresnel numbers correspond tc
Frecnel diffraction peaks centered on the output coupler, leading to incre
feedback into the resonator.

The design of an unstable resonator usually proceeds along the follow
lines: The diameter D of the laser rod and the radius F; of the output

coupler are considered as given. The other parameters, cavity length, bac
mirror curvature and output coupling, then can be calculated for selected

half-integer values of Ne i.e. Neg ° 0.5, 1.5, 2.5....

qQ q
For example, the resonator length is obtained on eliminating M from e

3 and 6. One obtains:
s t ' ! | 1/2

Once L is known M can be calculated from eq. 3, and subsequently Rz a
59 can be determined. The actual value 8A of the output coupling can be
obtained from eq. 5.

Since M is the dominant factor, determining the stability and efficie
of the system, the procedure described above usually has to be repeated
several times until the right value of M is obtained.

The value of M has to he consistent with the gain and loss expected i
the system. '

As a final step one has to take into account the effect of the laser
focal length f as shown s¢hematically in Figure 6-2. One usually chooses
available mirror curvature R2 and calculates the rod focal length at the
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desirgd lamp fnput power required to achieve an effective mirror curvature
RZEFF‘ If the mirror to rod distance is less than the rod focal length, then

l ) 1

- —— 8 c—— (9)

foRyepr Ry

Essentially the focusing effect of the laser rod is compensated by
increasing the radius of curvature of the mirror.

Equation 9 is only a first order approximation, a more rigorous treatment
is found in Ref. 12.

6.1.2 Negative Branch Unstable Resonators

Due to the presence of an intra-cavity focal point, the negative-branch
resonator has been neglected in practical laser applications. Despite the
potential problem of air breakdown this resonator merits consideration for
laser diode pumped systems due to its unique feature of relatively large
misalignment tolerances.

Ewanizky et al. (13) found that their Q-switched Nd:YAG laser featuring
negative branch unstable resonator was not signficantly degraded with a mirror
misalignment angle of as much as a few milliradians. In a similar system air
breakdown was not experienced for Q-switched pulses in the order of 170 ml and
12 nsec. pulse length.

Therefore, for small laser diode pumped solid state lasers, typical of

rangef1nders'and target designators with peak powers not exceeding 5-10 MW, it
fs conceivable that a negative branch unstable resonator could be employed.

The design parameters for a negative branch resonator of the type shown
in Figure 6-6 are:

R1 = 2L/(M+1) (10)
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R, = 2ML(M+1) (11)

2

where L is the confocal resonator length
L= R1/2 + R2/2 (12)

and M 1s the optical magnification

L]

M= RZ/R1 (13)
The aperture diameter of the output mirror is
d=D/M ' (14)

Recently, a variation of the negative branch unstable resonator was
described by Gobbi et al. (14) The design is based on the proper choice for
the size of the field 1imiting aperture d located at the common focal plane of
the mirror. If the aperture is chosen such that a plane wave incident on it
{s focused by mirror Ml to an Airy disk having the same diameter d, then this
results in the removal of the hot spot inside the cavity and in a smoothing of
the spatial profile.

If the aperture diameter d is chosen such that

d = 2(0.61x f,)}/2 (15)
where f1 = F1/2, then only the Airy disk is allowed to propagate beyond the
aperture, and on reflection from the mirror Mo, it is magnified, collimated,

and presented Fourier transformed at the aperture plane ready to start another
similar cycle.

The radius at which the beam gets zero amplitude is not determined by the
geometrical magnification M, but an effective magnification imposed by
diffraction.




Mags ® 1.M = 1.5 fZ/f1 (16)

whera fz = R2/2.
The diameter of the collimated beam passing through the laser crystal
D= Mgpe! 0. (17)

By adding the constraint on the aperture size that it match the Airy
disk, the usual hot spot ir the focal plane is completely removed by diffr
tion. Actually the combination of aperture d and mirror M1 acts on the

resonator field as a low-pass spatial filter. This accounts for the
smoothness of the field profile.

The disadvantage of this design is the limited value of D which can t
achieved in practical systems. In order to fi11 a large active volume wit
diameter D, such for example a slab laser, either "eff or d has to be lar¢
(See Equation 17). In order for d to be large, it follows from eq. 15 the
has to be large which in turn leads to a long resonator. A large Mefs
requires a very high gain material, for example a Q-switched Nd:YAG Oscil-
lator. The authors reported a heam diameter of D=4.8 mm inside the laser
This required a resonator of 125 ¢cm in length and a magnification of M=4,
order to achieve the high gain required for this design the laser was pumi
2.5 times above threshold.

Another interesting feature of this design is the beam extraction fr¢
the resonator. Instead of a tilted scraper mirror as shown in Figure 6-6.
beam extraction was achieved by means of a polarization coupling scheme,
employing a polarizer and a quarter wave plate as shown in Figure 6-5.

6.2 STABLE RESONATOR

For solid state lasers with low gain, or for systems where a Gaussiar
profile in the near field is required, the stable resonator is the only
choice. Almost all laser applications require a small beam divergence, ei
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to obtain a small spot size at a large range, or a high power density at the
focal plane of a bias. Therefore, the challenge in designing a stable
resonator is to maximize low order mode power extraction. More specifically
we can establish the following design criteria:

o The diameter of the TEM00 mode should be limited by the active
material )

¢ The resonator should be dynamically stable, i.e. insensitive to pump-
induced fluctuations of the rod focal length.

¢ The resonator modes should be fairly insensitive to mechanical
misalignments.

Lasers operating in the fundamental mode usually require the insertion of
an aperture in the resonator to prevent oscillations of higher-order modes.
In this case, the efficiency of the lasar is generally lower, compared with
multimode operation, due to the small volume of active material involved in
the laser action. Large-diameter TEMOo modes can be obtained using special
resonator configurations, but, 1f proper design criteria are not applied, the
resonator becomes quite sensitive to small perturbations in the mirror curva-
tures and in the alignment. Also, in solid state lasers, thermal focusing of
the rod greatly modifies the modes and the pump-induced fluctuations of the
focal length may strongly perturb the laser output, even preventing any
practical or reliable use of the laser.

For efficient exploitation of the rod of a solid state laser operating in
the fundamental mode, two conflicting problems have to be solved. The mode
volume in the rod has to be maximized, but the resonator should remain as
insensitive as possible to focal 1en§th and alignment perturbations. Early
solutions proposed compensation of the thermal lens by a convex mirror or by
negative lenses ground at the ends of the rod that exactly eliminate the
focusing effect of the rod. With these methods high power in a monomode beam
can be obtained; the compensation, however, is effective only for one partic-
ular value of the focal length. Large fundamental mode volume and good
stability against thermal lens fluctuations have been achieved by a particular
choice of mirror curvatures or by insertion of a telescope in the resonator.




In the f~ilowing section we will discuss these two approaches which
to the design of conrvex-concave or telescopic resonators.

6.2.1 The Concave-Convex Resonator

The design procedure for resonators known as dynamic stable, in whi.
fluctuation of the mode volume in the rod is kept under contiol by an ap:
priate choice of mirror curvatures, has been developed originally by Ste
et al.ls An expansion of this earlier work was published more recently
Kortz16 117 and Si]verstr113. The design approaches are based on 2
evaluation of stable resonators with an internal focusing element that
represents the laser rod under CW or high repetition rate pumping. The
criteria applied in these investigations, namely to maximize TEMOO mode
in the active material, yaet maintaining the resonator insensitive to mec
cal anad optical perturbations leads to a set of equations which allow th
calculation of the resonator parameters. Specifically the design criter
require that changes in beam diameter are minimized for large variation
focal length.

, Magn

The design resulted in standard convex-concave resonators where the
maximum mode volume allowed by diffraction losses imposed by the rod ape
has been achieved.

In a stable resonator, the waves which propagate between the two
reflectors are refocused, i.e. they bounce back and forth without spreac

appreciably.

This fact can be expressed by a stability criterion

L L
0<f{l -=—}/1-—=— }<l1l. (18)
Ry Ry

To show graphically which type of resonator is stable and which is

unstable, it is useful to plot a stability diagram on which each particL




resonator geometry is represented by a point. This is shown in Figure 6-7,
where the parameters

1 . (19)

2 ] o

92
Ry

are drawn as the coordinate axes. Al1 configurations are unstable unless they
correspond to points lying in the area enclosed by a branch of the hyperbola
9,9, ® 1 and the coordinate axes.

In any resonator, the TEM00 mode spot size at one mirror can be expressed
as a function of the resonator parameters

1/2
L % .

The ratio of the spot sizes at the two mirrors is

2 g
wl s 2, (21)
~ T
w2 1

The stability condition (e.g. Equation 18) remains unchanged.

Beam properties of resonators containing internal optical elements are
described in terms of an equivalent resonator composed of only two mirrors.
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The pertinent parameters of a resonator equivalent to one with an internal
thin lens are

L2 Lo L1 Lo
91 L e ® ; 92 = 1 ® amm T amee (22‘)
f R1 f Rz
where: Lo s L1 + Lz - (LILZ/f) (22b)

ahd f is the focal length of the internal lens; L, and L, are the spacings

between mirrors M Mz and the lens as shown in Figure 6-8.

1’

As an example we will consider a resonator with flat mirrors (RI-R2=00)
and a thin lens i{n the center (Ll-Lz-L/Z). From equatfon 22 we obtain

L
99,91 c—, (23)
1 2 2f
2,2, .L 2 -1/2
Wy ® W, é; (1-4g" (24)

For f=00 the resonator configuration is plane-parallel; for fsL/2 we
q*tain the equivalent of a confocal resonator; and for fsL/4 the resonator
corresponds to a spherical configuration.

Figure 6-8 shows the location of a plane-parallel resonator with an
internal lens of variable focal length in the stability diagram.

Considering first the resonator's sensitivity to lensing effects, we note
that a resonator is insensitive to axial perturbations {f the spot size vy is
insensitive to changes of g, and g,. A calculation of the relative sensitivi-
ties of various resonators to small changes in mirror radi{ is equivalent to
the introduction of a lens of some focal length f. In order for the resonator
to have a low sensitivity to axial perturbations, i.e. small spot size changes
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for large changes of 9 and 9y it is necessary that dwl/df = 0, This condi-
tion is met for resonator geometries which satisfy the following equation.

I\ /4 294
29,9, - 14—}l — ) * = 0. (25)
8/ \L2 L,

One particular resonator satisfying is determined by

1
919, * ‘;3 Ll = 0. (26)

In this case the internal lens is either absent or loc:tcd &t the surface
of mirror Rl' Figure 6-9 shows the resonator stabflity diag-am with curves of
constant TEM,, mode spot sizes. The curves which are obtained i-cm Zzuation
25, reveal that the spot size is fairly insensitive to variations of gl and
9, for resonator configurations which can be represented by points on the
hyperbola 9,9, * 0.5. Note that large spot sizes w, are obtained for
resonators with large g, values. From Equation 22 follows that in order for
g2>1, the radius of curvature of mirror R2 has to become negative, which
indicates a convex mirror according to our labeling convention.

As an example, we will calculate the resonator parameters for a
dynamically stable concave-convex resonator with a weekly thermally focusing
rod. The situation is probably typical for a Nd:YaG crystal side pumped with
laser diodes. The following assumptions are made:

fa6m, D=5mm, Ly=0.1m, L2-0.7 m

where f is the thermally induced focal length of the laser rod, D is the

diameter of the laser rod ard L1 and Lz are the distances to the front and
rear mirror. ’
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If we want to make the laser rod the limiting aperture for TEM00 mode
operation, we require about D-4w1. Therefore

wl-l.ZS mm

Introducing the stability criterion (Equation 26) into the expression for
the spot size (Equation 20) one obtains

2

from this equation follows
9 * 0.16
The other parameters follow from Equations 21 and 22.

92-3.12
L°-78.8cm
R1-1.1m
Rz--0.36 m
H2-0.28 mm

Figure 6-10 shows the schematic of the resonator. As can be seen, the
mode size is very small on the convex mirror and expands towards the concave
mirror, with the lacer rod being the 1imiting aperture.

Recently resonators with an internal lens representing thermal effects in
a pumped laser rod have been thoroughly analyzed in an entirely general way.
It has been shown that, as a function of the dioptric power of the lens, two
stability zones of the same width exist within which the mode spot size on the
lens always presents a minimum in both zones. Corresponding to this minimum,
the output power is insensitive to the focal length fluctuations, and the mode
volume inside the rod 1s inversely proportional to the width of the stability

zones and hence approximately proportional to the range of input power for
which the resonator is stable. (Ref. 17, 18)
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Figure 6.10 Concave-convex resonator for a weakly focuss
laser rod.

6-28




These design criteria provide equations which allow the calculation of
the resonator parameters, namely, the two-mirror radii. of curvature (Rl' Rz)
and the two distances of the mirrors from the rod. As an example, Figure 6-11
shows the parameters of optimized resonators for typical CW Nd:YAG lasers.
From this figure the values of the curvature radii and the position of the rod
can be readily obtained for a given focal length and for a given spot size of
the mode in the rod.

The parameters used in these curves are defined as follows: Rl’ R2 --
radii of curvature of the mirror, positive if concave, Ll’ L2 distance between
the mirrors and the principal plane of the rod; f is the focal length of the

rod. The distance from the end of the rod to the principal plane is H=1/2n°.

Figure 6-12 shows a resonator design based on the results presented in
Figure 6.11. We assume mode radius of “30'3 me in the active medium. This
is the optimum mode radices for a 6 mm diameter rod. The length of resonator
is given as 150 cm.

For a focal length of f=17 cm (1/f = 6 m'l) we obtain Rla-14cm, RZ-SS cm
and L1-130.
€.2.2 Telescopic Resonator
].19,20

Hanns et a and Sark1e521, reported using a telescope in an Nd:YaG

resonator, see Figure 6-13. An attractive feature of the telescope is that it
allows easily controllable adjustment to compensate thermal lensing under
varied pumping conditions. Also the telescopic resonator avoids the very
small spot on the corvex mirror of the convex-concave mirror design. This is
particulariy important at the high power levels typical for Q-switched Nd:YaG
lasers.

By introducing a suitably adjusted telescope into a Q-switched Nd:YaG
laser resonator, the investigators mentioned above have been able to obtain
relfable operation with a large-volume TEMOO mode. The basic principle behind
the resonator design is that of choosing a telescope adjustment which
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Figure 6.11 Design parameters for concave-convex resonator
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Figure 6.12 TCynamically stable resonator for a strongly
focussing rod.
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compensates the thermal lensing in the laser rod (thus permitting a large spot
size) and at the same time ensuring that the spot size is insensitive to
flyctuations in focal length of the thermal lens.

The telescope performs two distinctly separate functions. Firstly, it
reduces the size of the beam to increase the diffraction per unit length.
Since the beam size on the input side is always the same as the rod diameter,
the diffraction is constant and dependent only on the telescope magnification.
Aperture at the telescope output is set to be D/M where D is the rod diameter.
Sécondly, the telescope is an element of variable focal length. It can
therefore be adjusted to place the resonator anywhere on the stability
diagram. Because the ratio c¢f the diffraction losses of the higher order
modes to the lower order modes increases as the telescope output beam
decreases, the telescope can be adjusted to ensure that modes above a certain
order do not reach threshold. Thus the mode selection process is controlled
by two telescope parameters, the magnification M and the focal length f.
Clearly sufficient mode selection can be achieved by either parameter alone,
but, on the one hand too high a magnification may result in a very high power
density in the feedback beam which could exceed the damage threshold of the
components. On the other hand too much bias introduced by the telescope could
result in a laser threshold that is very high. Thus the correct balance must
be established to ensure qptimm operation.

The telescope adjustment is chosen to minimize the effect of focal length
varfations in the laser rod and at the same time ensures the optimum mode-
selection properties of a confocal resonator. Hanna et al. (19) performed a
detailed analysis of the telescopic resonator. The analysis yielded simple
design equations relating the mode spot sizes, resonator length, telescope
magnification and defocusing and diffraction losses. A short summary of the
key design parameters is given below.

One can best understand the role of the telescope by considering, for
simplicity, a short telescope of magnificatin M (where f2 = -Mfl) located
close to the laser rod. Thus the lens focal lengths are taken to be short
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compared to the resonator length. It can be shown that for small defocusi
of the telescope, 1.e.d << fl, the telescope has two main effects: it cha
the beam spot size by a factor~ M and it changes the wavefront curvature
though it consisted of a single lens of focal length f; = -f,f,M/§ . Thus
telescope can be adjusted to achieve compensation of the thermal lens fR t
making f; = - f' where f' now refers to the focal length resulting from tr
combination of fp and f_, 1.e. 1/f'=1/f +1/f,. The effect of the magnific
tion M is to modify the condition for insensitivity of spot size to variat
of fR. This becomes f/M2=L where f is the focal length resulting from the
combination of fT, fp and f, i.e. 1/f = llfI/; 1/f'. The spot size in the
laser rod is again given by W, = M(2L A/ ) which can also be written ¢
= M(2L A/7r)1/ Thus introducing the correctly adjusted telescope allows
same large mode volume in the laser rod to be maintained but with a reduct
of cavity length by Mz. The main 1imitation of this approach is that it

exposes components in the reduced beam to higher intensity and thus greate

damage risk.

The authors have presented some of their key findings in graphical f
Figure 6-14 shows the results of spot-size versus telescope defocusing
corresponding to a particular resonator. The main feature is the broad
minimum for spot size in the laser rod (upper curve), implying insensitiv
of spot-size O . Note that a change of & with fR fixed is equivalent to
change of fR (due to changed pump conditions) with O fixed, since both
correspond to a change of combined focal length f. Thus Figure 6-14 also
represents a plot of spot size versus fR. The minimum of the upper curve
therefore implies insensitivity to fluctuations in fR. The desired opera
point is at the bottom of this minimum and the telescope must therefore b
defocused by the correct amount to ensure this. In arriving at a resonato
design the main parameters to be chosen are spot-size Wi in the laser ro
resonator length L and magnification M.

These parameters are interrelated as follows:

Wy = M(2L A )M e (agy myl/2
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(From Ref 21)
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Figure 6.14 Spqt size versus defocussing of telescope




“1 is chosen for best utilization of the laser medium. For a 9 mm r
diameter, the authors selected wlaz.s mm to be optimum. With wl chosen t
choice of values for L and M is made to give an acceptable compromise bet
a small M and hence an inconveniently large L or small L and hence large
which may then lead to excessive intensity in the contracted beam. When L
hence M) have been chosen the value of f is fixed (f-ZMzL for the simplif
resonator) and this in turn fixes & through the relations 1/f = I/fT +1
1/fm and fT =f,/5 - This assumes f, to be known, fa 1s usually determin
passing a HeNe laser beam through the laser rod and measuring the beam wa
at the desired pump level.

A circular aperture to select the TEMOO mode is inserted and centere
In practice we have found that the aperture diameter should be ~ 15 time
calculated spot diameter at the point of insertion to ensure suppression
the TEM01 mode.

6.3 COMPARISON

The prime resonator configurations for laser diode pumped solid stat
lasers are the confocal positive or negative branch unstable resonator an
covnex-concave or telescopic stable'resonator. The particular choice dep
on the gain of the colid state laser material, the beam quality requireme
and the particular size and shape of the active material. The positive b
unstable resonator has the great advantage that it can be designed to fil
large active medium in either a cylindrical or a rectangular geometry. |
the most widely used resonator for slab lasers. The disadvantage of this

~of resorator is the hole ir the center and diffraction rings in the beam

profile which are typical of polka-dot or scraper mirror designs. At the
expense of a more complicated design, apodized aperture and radially bire
fringent elements can be used to reduce these effects. Compared to the o
configurations mentioned above, the positive branch unstablie resonator is
design which is most sensitive to mechanical and optical perturbation. T
negative branch unstable resonator has a considerably higher stability to
misalignment and thermal lensing effects. However, due to the internal f
the design is useful only for lasers with peak powers less than 10 MW. A
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modi fied negative branch unstable resonator employs a pinhole at the focal
point. The diameter is such that only the Airy disk of the diffraction
pattern is transmitted. This design leads to a very smooth output profile in
combination with a high alignment tolerance. Both unstable resonator config-
urations are not suitable when the gain becomes very low. This may be the
case in CW pumped solid state lasers, particularly in materials with a lower
gain as compared to Nd:YaG. In these cases a stable resonator with a
goncave-convex mirror configuration or containing 2 telescope will have to be
used. Recent advances in stable resonator design for solid state lasers have
been directed at finding regions where the structure is insensitive to change
of the focal length of the laser rod. Thermal lensing is a design parameter
in these dynamic stable resonators. The choice between the convex-concave and
the telescopic resonator is not easy tc make. The former has the advantage
that it uses no additional optical elements on the other hand, the telescope
required in the latter design provides a convenient way of optimizing the
resonator for di fferent operating conditions.
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7. SPECIFIC CW LASER DESIGN

In this section we will bring together the various system elements
discussed in the report in order to design a highly efficient solid state
laser for underwater illumination. Our design goal is an average output power
of three watts in the green, and a wall plug efficiency of at least 1.5%.

y The performance of a diode laser pumped Nd:YAG laser system with second
harmonic conversion to the green depends upon detailed design choices for each
sub-system.

7.1 SYSTEM CONFIGURATION

Several critical design choices have to be made with regard to the diode
array pump configuration, resonator design and harmonic generatton.

The power regime of this laser made the side pumped cylindrical rod a
clear choice. A diode laser array configuration and performance is identified
that is within current capabilities of several vendors. One of the key
technical issues to be resolved is the selection of an efficient doubling
method. We considered the following approaches for the CW pumped laser:

¢ Intracavity doubling
o Repetitively Q-switched plus intracavity doubling
e Modelocked with internal or external doubling

The intracavity power density is low in a CW laser; therefore, the beam
has to be tightly focused into the nonlinear crystal for efficient conversion.
In addition, the doubling crystal must have a high nonlinearity. Most often
used with CW lasers 1s barium sodium niobate, 832NaNb5015.

The low gain of a CW laser, combined with the critical adjustment of
focusing the beam to a small area irside the doubling crystal, make this
approach not very attractive for a fieldable mflitary system. The same can be




said for modelocking, which is also very critical to operate and require:
feedback loop for stabilization. In addition, there is a deleterious
interaction between modelocking and intracavity harmonic generation (7.1

The design we selected is the CW pumped repetitively Q-switched Nd:'
laser with internal frequency doubling. Since the peak power of a
continuously pumped, Q-switched Nd:YAG laser is in the kW range, a much |
power density is achieved compared to CW operation, and therefore less
focusing into the doubling crystal is needed.

As for continuous lasers, output of a CW pumped, Q-switched laser i:
frequency doubled most efficiently with an intracavity crystal. Typical
average harmonic output from such a laser can be as large as the fundamer
output. Such lasers typically emit pulses lasting several hundred nanose
at repetition rates of several kilohertz; average powers are normally a °
watts, although average power has reached ten watts in one device (7.2).

A back-up to the repetitively Q-swifched laser with internal doublir
the externally doubled repetitively Q-switched laser. It has the advant:
that the function of the oscillator and doubler are separated and oscill:
performance is not affected due to heating of the doubling crystal. How
even with Q-switching the power density is still Jow and an external foct
arrangement has to be employed.

The next critical issue is the selection of the doubling crystal.
selection of a nonlinear optical material for this application is 1imi{tec
the average power and peak power densities that a crystal can tolerate.
Thermally induced phase mismatch, résu1t1ng from beam power absorption, °
the average power capability. The damage threshold limits the peak powe:
density capability. There are only a few optical crystals materfals ava:
that satisfy these requirements. These are: KD*P, CD*A, and the most
recently developed KTP crystals. Each of these crystals has properties
are unique for certain applications. Table 7-la lists the nonlinear
coefficients and damage threshold of these crystals. Some of the unique
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Table 7.1 Properties of nonlinear crystals. Nonlinear coefficient
a) and phase matching properties b).
(Milek et. al. Report AD704556, Hughes Aircraft Co.
1970)

7-3




properties of these crystals and the results obtained with them are revie
below.

KO*P (Deuterated KH,PQ,). KD*P is the most highly developed of the
nonlinear crystals discussed. The deuterated material is required to rec
absorption at 1.06 um and thus minimize the thermally induced phase misme
Crystals are available in large sizes with excellent optical quality.

The KD*P crystal has a low absorption constant (<0.01 cm'l) and a hi
power-density damage threshold at 1.06 um. Effects due to thermally indi
phase mismatching are negligibly small at an incident average power level
to about 25 W, with peak power density of 250 MWcm2 and a 35 ns pulse di
tion. Nonlinear absorption due to two-photon processes is also insignifi
under these conditions.

CO*A (Deuterated CsH,AsO4). CO*A is isomorphic with KD*P and is ust
found to be a more efficient harmonic converter than KD*. The temperatur
tuned, 90° phase-matched CD*A is a preferred configuration. However, the
phase-matching temperature of the crystal at 1.06 um is 110%. This tem;
ture is sufficiently high that the crystal is susceptible to damage due -
dehydration, which occurs at about 150°C. The damage level for a temper:
tuned CD*A was less than 10W at an energy density of about 2 .J-c':m’2 (351
This property has severely 1imited the usefulness of 90° phase matched Cl
for high-power harmonic conversion.

KTP (KT10P04). KTP i3 a new type of nonlinear crystal which is cum
under development. The crystal exhibits several unique properties, incl.
a high nonlinear coefficient comparable to that of B‘a"‘"b5°1s' 2 high d:
threshold, and a Yow degree of sensitivity to thermally induced phase mi:
match. These combined properties make KTP the most attractive crystal f
high-power frequency conversion (Ref. 7.3, 7.4).

The spec=ral, angular, and temperature phase-matching characteristic
second harmonic generation at 1.06 um in KTP are shown in Table 7-16. Ti




large temperatuié bandwidth observed is a unique characteristic of this
nonlinear material. Because of fts large nonlinear coefficient, this further
reduces the length of crystal required for high conversion efficiency. As a
result, a second harmonic generation efficiency near 50% can be readily
obtained in a 3.5 mm crystal length at an incident power intensity of about

100 MW/cnl.

The best performance from our system can be achieved with KTP; therefore,
we will select this material as the doubling crystal.

Based on the foregoing discussion, the system configuration shown in
Figure 7-5 was selected. A NA:YAG rod is pumped by linear laser diode arrays.
The system is Q-switched by an acoustic-optic resonator and contains the
doubling crystal in the resonator. . A concave-convex design was chosen for
good mode selection, and for a small beam waist at the location of the
doubling crystal. The cavity is folded in order to recover both harmonic
beams.

7.2 SOLID STATE GAIN MEDIUM AND DIODE ARRAY CONF IGURATION

Due to its high gain and good mechanical and physical properties, Nd:YAG
is our first choice for this laser. However, ND:YLF is a close contender.
For CW pumping, the gain depends on the product of cross section & and

-population inversion, which in turn is proportional to the product of absorbed
pump 1ight and upper state lifetime Tf. In Nd:YLF, the & T, product s 1.5
times larger as compared to ND:YAG. Since CW threshold is inversely propor-
tional to this product, all other factors being equal, Nd:YLF should be a
better material compared to Nd:YAG. It also has the advantage of producing a
polarized beam. Whether one can take advantage of the better properties of
Nd:YLF in a diode pumped system depends on other factors such 2s crystal
quality, optical losses in the material, etc.

Assuming a Nd:YAG for the gain medium we will design the laser array pump

such that the system can generate 15 W of CW output, multimode, unpolarized in
an empty resonator at 1.064um. As we will discuss below, this is our
estimate of what is needed to produce three watts average power in the green.

)
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Insertion of an acousto-optic Q-switch into the resonator and operation .
TEM00 mode will reduce the average power to about seven watts. Optical °
associated with the doubling crystal and polarization losses will furthe:
reduce the power to about 4W. Intracavity doubling will recover most of
radiation.

An acousto-optic Q-switch has a slow opening time. As discussed in
Reference 7.5, the transient effects associated with slow Q-switching he’
mode selection. With a low optical distortion medium, the diffraction 1¢
difference between the lowest and higher-order modes so that the lowest-(
mode dominates in the (-switched mode.

The diode array has to be desigﬁéd to produce 15 watts of output fre
basic laser. In Section 4.4.2 we determined the optical efficiency of a
pumped cylindrical rod to be about 7 = 0.35. Therefore a diode output «
43 watts is needed to produce the desired output. Assuming a laser arra:
conversion efficiency of 25% and an efficiency of 95% for the power cond:
tioning unit, the system requireé 182 W of electrical input.

Linear arrays with five watt CW output are commercially available fi
Sfemens and Spectra Diode Labs. In our design of a conduction cooled roc
four linear arrays are mounted around the semicylindrical area,ii.e. 20 )
of pump power. With a three cm long Nd:YAG rod, a maximum of 60 W of pun
power would be available. Reducing the power level to 45W or 3.75 w fror
array will increase lifetime. The detailed optical design of the condens
lenses and the pump distribution can be obtained from the computer progr:
developed by FIBERTEK, Inc. The input parameters for this analysis are:

Radii of lenses (focal length)
Diode to lens separation

Lens to rod center separation
Lens spacing .
Refractive indices

Diameter of Nd:YAG rod
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e Absorption spectrum
¢ Diode center wavelength
o Diode output spread (FWHM of statistical spread)

The small signal gain of the Nd:YAG rod can be calculated from the pumped
volume and the projected stored energy in the rod. For a 30 mm long crystal
of 3 mm diameter we obtain V = Q.21 cm3.

A ]

Taking the value of 71 = 0.54 for the fraction of pump radiation reaching
the upper state level, then P = 24.3 W and Es = 26.6 x 10'3J/cm3 or Gy = 0.08
cm

Figure 7-1 shows a cross-section of the semi-cylindrical pump geometry.
The rod support structure provides a heat sink for removal of waste heat from
the crystal, and it also reflects back pump radiation for a second path in the
rod.

A summary of the salient features of the oscillator is provided in
Table 7-2.

7.3 Q-SWITCH

In an acousto-optic Q-switch, an ultrasonic wave is launched into a block
of fused silica, which acts as an optical phase grating when an ultrasonic
wave passes through it. The high optical quality of fused silica combined
with a very high damage threshold makes an acousto-optic Q-switch the
universal choice for CW lasers.

The low-gain characteristics of CW-pumped solid state lasers do not
require a very high extinction ratio for Q-switching but do demand excep-
tionally lTow insertion 1css. Since the best optical quality fused silica with
antireflection coatings can be used as the active medium, the overall
insertion loss of the Q-switch can be reduced to less than 0.5% per pass.
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Table 7.2.

v Summary of system parameters for cw laser diode pumped,
repetitively Q-switched, intracavity doubled Nd:YAG laser.

_ Laser material length, cm: 3
Resonator length, m: .35
Inversion volume, cm3: .21
—Average output power, w: 3
Energy per pulse, mj: 0.5
Repetition rate, Hz: 6,000
Pulse width, nsec: . 100
Output wavelength, nm: 532

Peak power, kW: 5




The performance data of an acousto-optic Q-switched Nd:YAG laser witl
output comparable to the system under consideration is shown in Figure 7-:
For repetition rates below approximately 800 Hz the peak power is indepent
of repetition rate. At these 1ow’repetition rates there is sufficient tir
between pulses for the inversion to reach the maximum value. In the tran:
tion region between 0.8 and 3kHz, peak power starts to decrease as the
repetition rate is increased. Above 3kHz, the peak power decreases very
rapidly for higher repetition rates. The optimum repetition rate for a
frequency doubled is between four and eignt kHz. The lower repetition ra
yields nigher peak power which produces higher harmonic output, whereas t!
higher repetition rate yields a higher average powerl

We assume a repetition rate of S5kHz. According to Figure 7-2 peak pt
on the order of 15 kW can be expected from the laser. Typically these la:
operate with an 80% reflective output mirror. The circulating power is
therefore 75 kW. Efficient frequency doubling in KTP requires about 25-3
MN/cmz. This power density can be achieved if the beam diameter is reduc:
0.5 mm in the resonator. The particular concave-convex resonator discuss:
the next section will accomplish the desired beam compression.

7.4 OPTICAL RESONATOR

In our opinion, the dynamic-stable concave-convex resonator treated
Section 6.2.1 is the best choice for the CW pumped, repetitively Q-switch
and intracavity doubled Nd:YAC laser. The resonator maximizes TEMOO mode
volume in the active material, and it provides a small beam waist at the
convex mirror, which is necessary for efficient doubling. We assume a we
focusing rod with f=6 meters, a diameter of 3 mm, and a separation of the
Yrom the concave and convex mirror of Ll = 0.05 m and L2 2 0.3 m.

The mode size at the Nd:YAG rods is w1=0/4 = 0.75 mm. If we follow
design procedure outlined in Section 6.2.1 we obtain

Lo =35c¢cm (from eq. 22b)
g, = 0.2 (from eq. 27)




Figure 7.2 Performance of a repetitively Q-switched,cw

pumped Nd:YAG laser system.
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9, * 2.5 (from eq. 26)
Wp = 0.2 mm - (from eq. 21)
Ry = 23 cm (from eq. 22a)
Ry = 47 cm (from eq. 22a)

Figure 7-3 shows a schematic of the resonator. The mode size is ver
small at the location of the doubling crystal and expands towards the con
mirror, with the Nd:YAG rod being the 1imiting aperture.

7.3.3 Harmmonic Generator

The second harmonic generation efficiency depends or incident intens
crystal type and length, and on laser beam spatial mode quality.

KTP is a relatively new nonlinear optical material that is increasir
being used commercially for second harmonic generation of the 1.06 m Nd:
laser. KTP (KT10P04) has been shown to have particulariy favorable prope
for use in second harmonic generation of 1.06 um Nd:YAG lasers. The lar
nonlinear optical d coefficient combined with a high optical damage thres
make this material presént1y one of the most useful for nonlinear optical
devices.

The supply of commercially available KTP 1s 1imited, furthermore onl
small crystals can be grown. Crystals are currently only available in si
up to 5 mm cubes. For the laser designed in this section, only a very sm
crystal is needed. A 3 mm cube is sufficient to obtain the desired conve
efficiency. Also there are clear indications that KTP crystals of suffici
quantities and quality will become available in the near future.

Several companies such as In-ad, Airtron, Yirgo Optics, and Ferroxcu
are now exploring the fabrication of this materia) either by hydrothermal
flux growth methods. In addition, the next development in this technolog
be epitaxially qrown KTP presently exploréd at Bell Laboratories.

The energy conversion efficiency of one DTP crystal (3.5 mm length)
function of input power density is shown in Figure 7-4,
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The intracavity frequency doubled Nd:YAG laser can be significantly
affected by thermo-optical effects in the frequency ioubling crystal. The
slight absorption of the circulating 1.064 um power, as well as the 532 nm
power produced by frequency doubling, can modify the laser parameters through
complex interdependent relationships. As a result, the laser performance may
degrade and become unstable.

. At the level of 4 watts average power, in combination with the low
absorption KTP material, no thermal instabilities are expected.

Extraction of power only in one direction simplifies the design; however,
at the expense of 50% reduction in output power. Combining the two oppositely
directed second harmonic beams together for higher efficiency output has been
tried in the past; however, interference effects caused large output
fluctuations. ’

The two frequency doubled beams are phase locked via the fundamental
beam. However, dispersion in the air of the green beam reflected off the rear
mirror and directed a second time through the harmonic generator will cause a
time varying phase difference of the combined beams. Introduction of a
quarter wave plate at the harmonic, inserted between the doubling crystal and
the rear mirror, will combine the two green beams orthogonzlly polarized and
no interference effects will take place. In order to leave the fundamental
beam unaffected, the phase retarder must be half wave for 1.064 um. The final
design of the optical resonator containing the harmonic generator {s shown in
Figure 7-5.

7.4 POWER BUDGET AND EFFICIENCY SUMMARY

The energy flow of the underwater 1lluminator system is {llustrated in
Figyre 7-6. A summary of the system efficiency available with today's
technology and projected performance available in a three to five year time
frame is shown in Table 7-3.
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Table 7.3 - Projected Efficiency

. Near Te;m Long Ter
Power Conversion .95 .95
Diode Arrays . .25 .50
Upper State Transfer .54 .54
OQutput Efficiency .64 .64
Doubling Efficiency .20 .30
TOTAL 1.6% 4.9%
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8. CONCLUSION

During the 1970's and early 1980's, solid state laser technology went
through a process of evolutionary changes, characterized by incremental
improvements in system performance and reliability.

However, during the last several years rather dramatic possibilities
have appeared on the horizon which could bring about a revolutionary change in
solid state laser technology. The most important developments are:

Laser diode array pumping of solid state lasers

Tunable lasers

Phase conjugated and Raman shifted lasers

High performance nonlinear materials such as KTU and organic crystals.

We are just on the verge of seeing these technologies emerge, but none
has yet reached the maturity needed for large commercial or military
applications.

This report is cuncerned with the most far reaching new technology,
namely laser diode pumping of solid state lasers. The report provides an
assessment of the'technologica1 and economic issues surrounding the use of
diode arrays for pumping solid state lasers.

Laser diode pumping requires a different engineering approach to the
design of solid state lasers. The pertinent characteristics of the pump
sources, laser materials, crystal geometry and diode pump configuration,
cooling cycle and resonator design are covered in this report, together with a
specific laser design. Economic issues and manufacturing processes for mass
producing diode arrays are treated also.

Just as vacuum tubes have beem replaced by the transistor and later by
integrated circuits, we envision gas filled arc lamps being replaced by 1inear
and planar laser diode arrays.




The development and commercialization last year of these arrays have
opened up the possibility of creating practical all-solid state lasers, w
potential advantages of compactness, high efficiency and long lifetime.

Solid state lasers with wall plug efficiencies of 10% and higher wil
possible in the future.

Laser diode pumping always looked attractive but was not practical ¢
such technological barriers as low efficiency, low power, and short 1ifet
The significant progress made in diode laser technology coupled with the
emerging technology of linear and planar diode arrays has removed these
former technological barriers. In the newer devices, efficiencies of up
50 percent can be achieved, and lifetimes of 10,000 hours have been built
employed at pump sources for solid state lasers.

Feasibility of such arrays has now been demonstrated, but manufactur
costs are prohibitive and must be reduced sharply before widespread appli
tions will emerge.

The future of laser didde pumping seems to be assured at least for ¢
specfalized military applications, but widespread commercial uses will be
slowed by their relatively high cost. High costs are not inherent as rec
cost studies by SDL and MDAC have shown. With production of laser diode
arrays increasing, cost can reach a very attractive level.

Technology is available, and it is mainly an economic iscue to find
applications which will drive costs down and stimulate further use of the
systems.
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Appendix A

CRADLE Source Code Listing
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CRADLE.BAS Source code listi1nqQ. . Fage

N calacthu=Q “SDYNAMIC

< DEFDRL &= :VERGIONT="9, 29" :ON ERRCF GOTO 4AQCQ: MUMLINESY = 3

2 DIM WINDOWXY T, WINDQWY (T, WINDQWWY (7). WINDOWHY® (T), SFI(SQ), FRIAE- <%
= BDIM LAMEDA 740 ., AAKRS4Q:. ABLO(Z@,1e0), VOL(ZG), LL 4D}, ATTRIBUTE N - T

4 DIM SUM(ZO.1@), SUMMD, 20,10, FIRST/20.1Q), LAST(TQ.1Q)

s DIM ARSOKF (DY, LOSS D), INTARSORF (23: ARSDENSZO)

10 FOFR I%=) TD 10 EY 1% "“iNEXT

~p1 EDPIT.CALLYZ=Q:SCREEN 0,0,0,2:WIDTH 8@:CCLOR 15.0,0:CLS:kEY OFF:MENUE= JhwrirD
LY +CHRE(DT™

1 GOSUER 9910 ' —=—— Read Confioureation file —o

270 EYTU=0:GOSUER <000 T e Maln Meril -

21 1+ lentar) =" tnen bfsrightftaf.li:14 bE¥=chri 71y Then 220

222 1§ len(af)=2 tnen pi=rightflaf,l):1f bif=chnr¥(183) Then erroi TO1

=& IF INSTR 'MENUI . AF) =1 THEN MESSAGEF="":locate csrlin.pos'@ -ilipraint E¥ R
=<0 ELSE MESSAGCf="Enter only the letter(s) bateween the [] to mate 2 se.2

"2 GQTO 758

2=@ IF ars"Y" THEN EYT%mEXT%+1:MESSAGE§="Frese X/Esc again 1f vou wish to <erm ¢
ate program. or enter a new selection™:IF EXT%=" THEN 4QQ@ ELSE 799

~4Q IF AE=CHRE(Z?) THEN Afr="X"1607T0Q 2T

t6@ IF Ag="E£" THEN GOSUE 4Q0:GNTY S10

2@ IF AE=D" THEMN COFEN"RETURN.BAT" FOR OUTFUT ASH#1:FRINT#1,"CRADLE.EXE":TLICES:
CHAITN"CDLINSTL.EXE"

80 IF ArecL" THEN GOSUER 400:G0TO 420

2oQ IF Ar="S" THEN GOSUER 400:G0TO 4%0

TPQ IF Ars"vv THEMN GOSUER 400:G0TO 420

T12 1F ASsYFY THEN 30SUE 4Q0Q:6G0TO SO

2@ IF As="C" THEN 17000

T4U IF Ase"W" THEN gosub 7000:g30to 220

98 EXTUusC

99 GOSUR S100:6G0T2 221

400 - —

401 i Get secong part of menu =election |

40:\ <L J

410 GOSUE 1109Q: IF AS="S" QR AF="C" THEN primt af::RETURN ELSE RETURN 2°¢

A2Q¢ - — .

421 |l Load from ai1sk i

322

4<C IF A="S" THEM FILACT%al ELSE FILACTY=T
11Q GOEUER 30QQ:GOTO 798

-

150 -
4%1 't Save to dis! |
A5 —

350 IF AFm"S* THEN FILACT™=Z ELSE FILACT =4
470 R0SUR 4Q0G0:LGD1C TR

480
481 ‘| View paramencrs '
48: " )
49Q IF Ag="S" THEN VWACTY%=1 ELSE YWACT%=2

$OC GOSUE SRuO:GOTC T8

S10 -
bl B4 ! Edi1% F:iles |

- €12 &

S17T IF Ar="S" THEM EDITA-Tu=1 ELSE EDITACT.=C
20 COSUR 5A0Q:CCTD 79
LAt S




CRADLE.BAS Seurce code listing.

=21 Frint parameters
[ i

T4Q IF As="S" THEN VWACTY%=T" ELSE VWACTY=4

©T0 GOSUR %S@QO:GRTO I~R

600 .
e@1 ‘| E:1t guard routine : |

&0 .« !

610 if¥ edit.call® then 6370 else eng

o0 bU=l1Traf="Have you saved all ©f your date filefs) to disghT":leca
clreocl:attr%=1S8:qQosub 1100Q:aqosub 9994

£4Q af=inieviilf ak="" then 640 else qosub 118I20:1f asf="Y" then end

3
40CQ ' —
401 |
4@z o
4010 -,

4022 1 Routine to open standard winNdow
4270 -

4QT1 IF PRNTYN THEN LFRINT "FILACTY =":FILACTY
4040 fI="":WWIDTHY.=4Q: WHEIGHT =1 X%=1F:Y%m17:§.¢g%u=*1S: f.bg%=1:color
attri=(f.bQgi and 7)#16+f.fg%igosud 71000

4Q41 !F FILACTY.T THEN FILDOS$="Spectrum" else +:ldef="Cradle"

4Q%0 ON FILACTY GOSUEK 4100,4700,4400,4500

4060 IF EDITACTY2Q THEN 404% ELSE SCRNACT%'4:GOSUB 11110

4065 GOSUE T127Q:RETURN

4100 y
4101 | Fead Spectrum file FILACTY.=1 |
4192 )
4119 Ts=a"Load "+SPCDEF3+",“+EXT1F+" 1nto memory "":X%=3l:Y%ml:color ¥

QOSUER T27%0

4170 GOSUER 1109012114 afschr$(27) then 4190 else IF A$="V" THEN ARCHIV
OTN 4:i71 ELSE IF Af--"N" THEN 4122

4170 qosub TIBOQ:EXTI=EXT1IF:FILES=SFCDEFS: FURFOSES="_oag1ng":G0SUE <
IVOs="NULL" THEN GOTO 4150

4171 Ar=ARCHIVOT: GOSUE 11020: ARCHIVOSsAs:cOlor €.4Q%.f.Dg% tX%=l:Y%=
CUWS™:BOSUR “2P°Q0: T¥="Feading “+DRIVEF+QRCHIVQF+", "+EXT13:50SUR T.iSEQ
4130 Ar=DRIVES+FATHE+ARCHIVOT+", " +«EXT18:GOSUR 11020:Fs=Af;,%=0

31SQ CLOSE#1:0FEN FF FOR INFUT AS#]

4160 1%=T%+1: INFUTH1 LAMEDA (%) ,AARSE (1%)

417@ IF EOF (1) THEN 4180 ELSE 41690

418C SCFDEFEImARCKRIVOST:SPCLINESY=1%:MESSAGES="Read "+STRE(SFCLINESY) +
data from f1le "+SFCDEFS+",";RETURN

4170 +5=“NULL":MESSAGEf="Load routine aborted. Zurrent Spec<rum file
ema1ns unchanged. " :RETURN

Write and Read fi1le operations —

320Q P —y
4701 ‘I Write Spectrum file FILACT%=2 |
4707 ' — J

471@ Tr="Save "+SFCDEF¥+"."+EXT1f+" to Disk "":X%=ml:Y%=l:color f.%qQ%
k T27S0

42790 GOSUE 1109Q:1f =feghrI(27) then 4790 else IF Afs"Y" THEN ARCHI
f2TO 4771 ELSE IF Az "M" THEN 4720

47TIQ qosub CIBRO:EXTE=EYT1L:FILES=SFCDEFS: FURFDSEF="Saving" :GOSUE S
VOE="MNULL" THEN G2TO 4790

3771 AF=AFCHLIVNS:GNESUE 11@20: ARCHIVOI=AL:: color +.4a%, §.0Q% :xti=l: %=
Q:T¥="Writing "+DRIVESF+ARCHIVOE+" . "+EXT13:B0SUE 71580




CRADLE., EAS Source code listinag. F <

o
L @)
0}

4740 AI=DRIVEL+FATHI+ARCHIVOEF+", "+EYT13:GOSUE :102@: F§=A5:11%=0
34735 gesub 16100:1f apclinesi=Q then gato 4°E0
4750 CLOSE#LV:CFEN FSf FOR QUTFUT RSHl
ATS1 FOF I%=]l TO SFCLINESY
476Q FRINT®#1 ,I_AMEDA %) AARS (1))
4779 NEXT
4280 encdeffsarchivof:MESSAGES="Saved"+STRI(SFCLINESIO +" pair(s) of Out:z =2 F11€
“+gpcoetd+", "I RETURN
AT80 FE="NULL" :MESSAGEf="Save routine aborted. Current Spectrum fi1le o £i8 rem
ains unchanaed. ":RETURN
Al00 -
1401 '| Read Cradle fi1le FILACTY=C |
44Q2 & J
4410 T¥s"Load "+CDLDEF#&+","+EXTII+" 1nto memory “":iX/=l:YYml:color f.fgh.+.z29%
GOSUER T27%0
4470 GOSUE 1109Q:1¢ af=chri(27) ther 4490 else IF Ass"Y" THEN ARCHIVOSxCOLLEFF:
NTO 4471 ELSE IF AF: :"N" THEN 4470
4570 gosub TIoE9Q:EXTISEXTIS:FILES«CDLDEF ¥: FURFOSES$="Loading":GOSUE S0QQ0: [F ARCH
IVOoss"NULL" THEN GOTO 4490
4471 AL=ARCHIVOS:G05UE 11020:ARCHRIVOE=AT:color ¢.4g%,f.b@Q% 1XV=ml:Vi=1:Wi.=NUMKIND
OWS% 3 GOSUR Z289Q0:Tim"Reading "+DRIVES+ARCHIVOS+"."+EXTI¥:G0OSUE T1S5ER
444Q AFsDRIVES+FATHI+ARCHIVOS+", "+EXT2F:GOSUE 11020:F F=Ar
3450 CLOSE®1:0FEN FF FOR INFUT ASH]
44460 INFUTH#! ,R1, RC, XL, AFPANGLE, TE, TG, INDEX, FROD, NROD
4441 INPUT#1 ,RWATER, RJACLET, MNJACHLET, NWATER, N, XD, YD, TPF, TFR, LAMEDAC, S1C
4472 CLOSE#!
446Q0 CLLDEF$aARCHIVOF:MESSAGES="File "+cdldeff+" Successfully loaded.":RETURN
445Q0 Fra"NULL":MESSAGESs"Load routine aborted. Current Cradle f1le 1n memory rem
ains unchanged. ":RETURN
4300 ‘- ]
4%21 ' Write Cradle file FILACTY=4 |
4202 ¢ J

10 Tes"Save "+CDLDEFS+","+EXTZF+" to Diel " :XiUslivYisizcolor f.fQ%,f.bgl COSL
B 2750 .
A%20 GOSUE 1109011 f af=chrf(27) then 4%T90 else IF Af="Y" THEN ARCHIVOS=CDLLCFI:C
OTD 4%71 ELSE IF AF. "N" THEN <52
3TTD gosud ToBFQEXTI=EXTIF:FILESF=CULDEFS:FURFOSES="Saving"1GO0SUE SQLOD: iF 4FCH:
VOE=UNULLY THEN GOTQ 4<9Q

TT1 asmARCHIVOS:GOSUE 11020:ARCHIVOE=AS:colur €.40%,f.ba’ x¥UsisYi=m1:Wi=MUMWINL
OWS%: BOSUE T27S9Q: T¥="writing "+DRIVES+ARCHIVOF+","+EXTZ2F:;GOSUE 71560

40 AFSDRIVES+FATHE+ARCHIVOE+", "+EXTZ2L:GOSUE 11020:FE=ns
3o CLOSE#i; OFEN Ff FOR QUTFUT ASH]
3500 FRINT#®1,FI, RO, YL, wFANGLE, TE, TG, INDEX, RROD. NROD

2A%L] FRINT#1,RWATEFR, RJACHET, NJACLET, NWATER, ©. XD, YD, TRF, TFR, LAMEDLC, 217
4€7Q0 CLOSE#S;

ATLY codldefimarchivoliMESSAGES="F1le "+cdldess+" Successtullv Written, ":SETLFYN
4%9Q Fr="NULL":MESSAGErs"Save rout:ne aborted, Current Cradle f1le on g1: ~ema:
ns unchanged. "t FRETURN
TS0 r
S00t |
2¢0Z &

TOUE TF VWALTY [ TWHEM SQ1Q ELSE SCRMNACT%=Z:G0CSUER 1111V:izclor J.Q:CLSszhw- " =]
@10 ON VWALT, S0SUE SRZO,52.0.%9%220,5720

FQL L SURRAC T = s G a R LUV 1R RETIIR N
SUZO0 .

‘Jiew & paramet2r routine




CRADLE.EBAS Sourc2 code li1sti1ng.

@21 ! View a Spectrum fi1le W
S22 -
SQ2% 1+ spcdeff="NMULL" then messacef3'No Spectrum fi1le 1n memory. ':re

SQ2¢ gosub 16100:1f spclines’ =0 then spclinesi=]

SRTO LEFTY%=INT(SFCLINESA/2Y tRIGHT%=SFCLINES%~-LEFTY%

5@71 IF LEFTY © RIGHTY THEN LEFTUsLEFTY%A+1:RIGHTY%=RIGHT%~!

S@42

5050 bY%=l:a=l:AS="Wavelenath"igosub 9996:a%wd@:qosub 9996

TRE1 a%=lSiAT="Absporption coefficient":igosub 9996:a%=STS;gosub 999+

QS b%=T:aUm4Ars" (nm) " q0eub 999a~:aVzdIligosub 9996

TOTT ausll:ATs" (cm-1) "i1gosub 9996:ak3bligoaubd 9996

SQ6Q DFFSETY=Q: COLM=1

SQeT at=1:0%=T: af=STRINGF(EQ,1946)1Q08ub 99¢: . ttr%asl 1T :Ar=sSTRINGT (14!
=4 TQ 22 STEF 2:gosub 999&6:NEXT: . .r%=l:b%wZ4: aFeaSTRINGE (79,1967 : QoS

r 1.7

Q7@ FOR A%=4 TQ LEFT . +T

T280 LOCATE A%,COLL:COLOR 2,7:FRINT USING "##";: (OFFSETY+ (A%=T))::COLL
USING "#eun, 8" : LAMEDA (OFFSETY+ (A%-2)) tLOCATE A%, (COL%+2Q):FRINT LUSI:
1 RAES(OFFSETY%+ (A%=-T)) ¢

QS0 NExT A%

<100 IF OFFSETY @ THEN %110 ELSE OFFSETYUSLEFTAU: LEFTY%sRIGHT%: COL"=40:

T110 SCRNACTY=T7:G0SUE 11110:attr’=7:Ats"Fress any Ley when ready %o
in menu”:GOSUE 11080:b%25tgosub 9596:GOSUE 11090

T120 IF Ass"" THEN %110 ELSE MESSAGEF="Viewing of Spectrum file "+SFf
Ti1%+" terminated": RETURN

[ Salal
-l an r

8221 ‘| View a Cradle file Vi

®ma~
-l an o o

Ta2? 1f cdldefss"NULL" then messagelf="No Cradle i1n memory."ireturn
270 attriuw2iRYUsiiAS="Viewing Of Cradle file "+DRIVET+FATHS+COLDEFS+"
SUER 11000: gosub 9994 :FORMES"#%, #en" -~

T24Q bUals a¥ml: Afw'— [ens parametars —'i1gQosub 999

TITO hU.mT: a¥wm7: Afm"Lene radii of curveture (First and Second)
bY%,T7:print USING FORMI:R],ROt1908ub 9996

260 BY=4: Afs"Faai1tion Of the lens surface clovest to the rod-
bA,STeFRINT USING FORME: XL tqgosub 9996

T270 EY=T: Ag="Full aperture of the lens pair gystem 1n gegree:
B S7:FRINT USING FORMI:AFANGLE: : gosub 999s

TaB8Q EY%mé4: AFs"Edcge thiclness
Bb%.S7:FRINT USING FORM#,TE11Qosub 9996

T29Q BRY=7: Ar="Gan between lenses
b T71FRINT USING FORMI; TGt :qosub 9996

TT00 EU=g: Af="Lens qlass 1nde: of refraction

s STIFRINT USING FORME; INDEY: :qosub 9996
ST10Q BYs9: ali=l; Afe"— ROJ paraneters —";gosub 9994
TI20 EU=10:a%=7: AFs"{ ASER rod radius
bZS7:FRIMT USING FORMS; FROD; 1 osub 9F9¢

ITTO BUT1L: Af="Rnod 1nde: of refraction
B%.E7sFRINT USING FORMS:NRDD::gosub 99956
TT40 BY%=1Z:a%=2: Afu"— Jacl et and coolant parameters —"i1gosub 996«

TTT0 BU=1T:aY=T: Afa"Jaclar 1nAmer radius
DU ETFRINT USING FORMS: RWATER:: Qosub 9964

ST6Q EBYU=14; Af="Jascter nuter radius
BULETIFRIMT LSING FORMI:RIACHET: :gosub 99Qs
TT70 BU=1S: Af="Jacl et 1nde: ©¢ refracticn

DULVITIRFRINT LSTING FORMS;MNJALIET: toncal 999¢




CRADLE. BAS Source code listing. Fage €

ST EUmlé: Afs"Coolant :nae: of refraction “elazane
DL ETI1FRINT USING FORMIINWATER::gosub 996§

STO0 EUm17:au=T: A¥a"—— Diode LASER parameterc —":agosub 9996

400 E%=18:a%=7: Af="LASEF medium 1nde: of refraction "slocate
D% .T7:print USING FORME;;N: :gogub 9594

2412 BY=19: As="Diode LASER output slit ceoordinates "slocate
b%.E7:FRINT USING FORMF:;XD,YD::gosub 9956

420 EBY%=20: Af="Heam angular width t"tQosub 99646

470 BY=llia’=10: ATa"perpendicular to the active laver "slacate b,
JETVIPRINT USING FORMTI: TRFFi:Qosub §99%

£44Q B%=22: AFm"parallel to the active layer "slozate oY%
WJOTFRINT USING FORMT: TRR::Qosub 9994

S4TC EWelT:a%h=7: AS="Center wavelength Telamzts
b% ET:PRINT USING FORMS:;LAMBDAQ: i gosub 9994

4450 EYm24: AT="Standard deviation “:lccate

b%.S7:PRINT USING FORMSI:SIG: sgosub 9996
547@ SCRANACTY%=sT:GOSUE 11110:COLOR 7,0:A%¥="Fress any hey when ready to returmr to
main menu":G0SUE 11000:LOCATE IS,A%:PRINT Af;:G0SUE 112%0
T48Q IF Ag$="" THEN S47Q0 ELSE MESSAGES="Viewing of Cradle fi1le "+CDLDEFs+". " +ErTZ
Ir+" terminated"”:RETURN
220 -
TT21 ! Print a Spectrum file VWACT =T |
STIS '
SEZT if spcdefs="NULL" then message#="No Spectrum i1n memory.":ireturn
TEZ6 FRNACTY=1:GOSUER 11190:BY%={Z:1A%="";G0SUE 1.1170:L0OCATE B%,.1:COLOF 2.Q:attr%s=2
1PRINT "Enter Title “;:FIG%=&67:G0OSUR 10720:TITLES=IPE
SS27 Afs'Printing Spectrum file "+«SFCDEF¥+"."+EXT1$3;G0SUE 11170
T228 LFRINT TAB(1 1) :"Time:"; TIME®: : LFRINT TAK(S7):"Date: " ;DATES
SE29 Ars"Rod Absorption Spectrum”i1GOSUE 110@0:1LFRINT TAB(AY%) tAFILFRINT
ST20 PRNACTZ=2:1G0SUR 1119Q:LPRINT TAB(11)3TITLES:GOSUE 1119Q:LFRINT
T84T LPRINT TAE(1Z)1STRINGE (%0, 196) s LFRINT

TIZT0 LFRINT TAK(20):"Feference Wavelength Absorption’
22T LFPRINT TAEK(20):" Number (Am) Coefficrent”
CTTT LFRINT TABIZD) " tem =13 "

ge%4 LFPRINT TAE(1S) :STRINGS (ZQ,196)

o270 FOR A%si TO SFCLINESY

ZEBO® LFRINT TAB(ZZ) ¢t LFRINT USING "##"; (A%) $ :LFRINT TAE(IS) i LFRINT USING “"sass,
#" {LAMBDA (AZ) s : LFRINT TAB(SD) § tLFRINT USING "#h, sus#'; 4AES A%

€990 NEXT A%

991 LFRINT TAER(1S) sSETRINGEZ (%0, 19¢4)

TCST AZm" "eDRIVEZ+FATHI+SFCDEFS+" ., "+EXTIS:FOR %=1 TO 4O-SFLL.NES"+2:
LFRINTSNEXTILFRINT AZiLPRINT CHRE(L1D)

S020 MESSAGEZ="Frinting oFf Spectrum €f1le "+SFCDEFf+","+EYTif+" complete ' (FETURN

€720

- . r —

=72 | Hard coovy of a Cradle ¢1le VWAL T .74

- - © L
I oo

T724 14 coldefF="NULL" then messagef="No Cradle fi1le in memory."iraturr

S72Y FRNACTY®1:GOCUE 11190Q:B%=1T:AZ="";GOSUE 1117Q:LOCATE EB%,1:COLOF Z.Q:az®-"2
sFRINT "Enter Title “:i1moao%=0:FIG%=57:GOSUE 1072Q: TITLESsIFs

S726 LPRIMT TAE 11):"Time:":TIMES::LFRIMNT TAR(&4):"Date: " 1DATES

E727 Arm="Cradle FAFAMETEF FILE":G0SUE 11000:LFFINT TAR(A%)Y1AF; LERINT

T7I8 FPRNACT (#Z:G0SUE 11190: FFINT TAR(&) ;TITLES B0SUL 111°0

S729 AFa"Frinting Cradle f1le '+CDLDEFS+"., "+EXT285:GOSUR 11170

CTTC FORMEIs ' ut, pet L

ST71 LFRINT LFRINT TAE(4) ;STRINGS 71,194 s LFRINT




CRADLE . EAS source code listing.

=<2 GOSUER 11:90

=TT OLFRINT ¢ Note: Unless otherwise spnecified, all dimentions ar:
m. s

774 LFRINT The wavelength ic 1A nanometers and the absor:
ciant”;

STTE LPRINT © 18 1N 1nverce centimeters, Angular apertures

es. "3 :GOSUE 1119@
576 LEFRINT TAE(4) ;STRINGF(71,196) t s LFRINT

ST40 LFFRIMT :LFRINT :FRENACTY=Z:06G0SUF 1119Q:LFRINT - Lene paramet
11190

7S LFRINT © Lens radi1 of zZurveture (First ang Secongd)

ING FORME:RI ,FO

760 LFRINT Fosi1tion of the lens surface closest t0 the rog—
ING FORMZ;: XL

7780 LFRINT ¢ Full aperture of the lens pair system 1n degrees—
ING FORME i AFANGLE

€780 LFRINT ¢ Edge thickness.

ING FORMETE

%790 LPRINT " Gap between lenses

ING FORMZ:; TG

TB00 LFRINT Lens glass inde: of refraction

ING FORME: INDEX

810 LPRINT :LFRINT :GOSUE 11190:LFRINT -~ Rod parameters -":G0SU

820 LFRINT ¢ LASEF rod radius-

ING FORMZ;RROD

870 LFRINT * Rod i1nde: of refraction

ING FORMZ:NROD

T840 LFRINT :LFRINT :0G0SUE 11190Q:LFRINT ° - Jacket and coolant par

OSUE 11190

g8TQ0 LFPRINT Jacket inner radius

ING FORME: RWATER

SE6Q LFRINT ¢ Jactet outer radius

ING FORMT:RJACHET

870 LFRINT Jacl et 1nge: of refraction

ING FORMI:MNJACIET

ge20 LFRINT * Coolant i1nde: of resraction

ING FORMZ:NWATER

T8990 LFRINT :LFRINT :GOSUER 1119Q:LFRINT © - Diode LASEFR parameters
190

2900 LFRINT LASER medium i1nde: of refraction

ING FORMET ;N

910 LFRINT ¢ Diode LASER oputput sli1t coordinates

ING FORME: XD ,VD

922 LFRINT » Beam anqular width ;"

90 LFRINMT ¢ paroendicular to the active laver

ING FORME TEF

9940 LFRINT parallm=]l o the active layer

ING FORMZT:TFR

IO LFRINT Center wavelenagth

ING FOFRMT: LAMEDAR - -

S940 LFRINT © Stangdard deviation

ING FORME:SIG

780 Ar=" "+ORIVES+FAOATHI+CDLDEF S+, "+EYTZF:FOR %=1 TQ (S:LFRIN

T AILFRIMNT CHRY (1D

GO0 MEESSACES="Frinting ¢ Cragle €1le "+CDLDEFt-","«EXTi+" zomple-




CRADLE. B&S Sourca code listing. Fage 7
S0 . -
a0t 7| Edit routines Cradle and Spectrum —

4002 L

4007 DEF SEG=0:FOLE %H418,FEE}. (:H417) AND 277 "SET CURSOF MEYS ON

s004 DEF SEG=0:FOLE *“H41A . .FEEH (2HAIC) :DEF SEG 'CLEAR THE HEY BOARD

~00% edi1t.call¥==1:SCRNACTY=4:GOSUE 1111@:COLOR 2,0:CLS ‘Open editor screen :n
page 2

s01@ ON EDITACTY. GOSUE 6170,6020

4011 EDITACT.=0: SCRNACTY=]1:G0SUE 11110:MESSAGEr="Re sure to szave your "+ELTf+"
114 pafore you e:1t this program":FETURN

=000

&021 | Edit Cradle files ELITACTY =T
o@ZZ W

&0TY GOSUB 12000 ‘Gemaerate screen

602
“0=>

‘DN KEY(Z) GOSUE 126%0

=T ‘ON ¥FEY(4) GOSUE 12470
6074 "LEY(Z) ON:KEY(4) ON

é07% Cracle . ROTY= 1 :GOSUE 127%0
4040

5081 1
&0

Expact key for editing Cracle

50450 GOSUE 12670:1F modo’ then afi=1nfi else &£060
6270 1F LEN(AF)=T THEN AZ=RIGHTS (AZ,1)

6080 IF AFwCHRL(Z7) THEN EDTt="Cradle":¥EY (D)
6090 IF AS=CHRT (17) THEN GOSUE 12699

609t IF As=sCHRZ (517 THEN GOSUE 124%0

&092 IF AZesCHRTI (62) THEN GOSUE 12670

4100 IF ASSCHRE(TZ) OF AT=CHRI(7%) THEN GOSUF 12690
6110 1F ASeCHRE(77) OF AZ=CHRZ (80 THEN GQSUE 12692
6111 1f a$=chr¥(71) then cradle.rot.new’/=1igosub 12700
6112 i¥ afschrf(79) then cradle.rot.new’s20:gosudb 12700
5117 1¢ aSmchrI(T]l) then gosud 12000:G0TQO 4Q@°S
&114 14 afwchrI(77) then 6119 eslse 6117

4119 cradle.rot.new’=cradle.rot%-4

41146 1f cradle.rot.new’-1 then cradle.rot.new/=];
Q117 1f¥ as=schrI(81) then 6118 else 6120

5118 cradle.rot.newi.scragie.rot’.+4d

6119 1f¥ cradle.rot.new’Z 20 then cradle.rot.new’/=201gosubd
6120 GOTO 6060

4120 -

OFF 1 EEY (T)

gosub

OFF:+EY (4) OFF:RETURM

‘home

‘end

‘resraw
pageup

12700 else gosub (IZTQC
‘pajedw

-
- W

12700 else gosut C

581721

122 ¢

Edit Spectrum files

—
!
—

5140 SNSUEB 15009
5162 ON FPEY T
4172 "0OM HEY(4) B50SUE [£%40

4184 FEVY(T) OIl:+tEY 4y ON

£19% Specerum, FOTYE=Q: RAOSUR 15710
£200

‘Generate screen
®c

GOSUE 185T

£201 |

~l L

E:pect i1nout conmrtol

£210

PRl

GOSUE 1%472:1¢ modo% then 21-=1npf alse 521C .
220 IF LEN Af =2 THEMN Ar=f)GHTFQr 1

4270 IF AF=CHRI(Z7:- THEN EDTI="Scactrum”:tEY (D)
1180 RETURM

AR IF AI=CHRI 1T THEN GOSUE RN

11SQ0: 900

a—
=270

QFF st EN (T

) DFF:!E\VJ]




CRADLE. ERS Source code listing.

A24)1 IF AF=CHRE¥(61) THEN GOSUE 1$S2@:gcto 6270
6242 IF AF=CHRT (n2) THEN GOSUE 1554@:g0tc 5270
92S0 IF AL=CHRI (72 then gosub 15670:gotc 5270
251 14 AF=CHF$ (7S THEM GOSUER 1S210:G0T0 6270
a2l IF A$=CHRE!T?7) then gosud 1S51S0:G0T0 4270
6761 if AFSCHRT(80) THEN GOSUE 13T60:G0TO &27@
8282 1f af=chrt(71) then gosub 13770:60T0 &270
42687 1 ¥ a¥=chrf(7S) then gosub 15780:60T0 6270
6264 1f afachri(77) then gosub 1S838:350TO 4270

. 8246S 1 f af=chrf(81) ther gosub 15862:G0T0 &270
aZhe 1t aF=chrfi4s) then gosub 1&Q00:G0OTO 4270
£267 1f af=mchrf 71 them gosub 15Q00:geosub 1S5ST18:G0TO 4270
&270 307D 210

TOMQ
7201 | ———— Show program diagram of Cradle —_
7902 -

- 70190 gcreen C

701% des s=g=ihpB8QEQR

7320 bload "Cragle.FIC" ,0

T0TQ afsminkey¥:i1¥ afs"" then 7070

7038 screen 0,0,0.0:Messagef=“Displaying of parameter diagram was ct
egsfully":racurn

704Q screen 0,0,0,0:Messagefs"Displaying of parameter diagram was at
aly"+strE(temp):return

S0V
001 |
Q0 &
Q010 TITLEZ="CRADLE":Ts="Ma1n Menu'":GOSUE 9900

SO0 attrY=9Tibu%=li1avk=l

Q021 23aSTRINGS (80,20%7) :1Qo3ub 9994

Q022 FOR b%=mZ TO Q:1a8=sSTRINGF (8@,I2) 1gosub F9947NEXT

QAT pYU=1Q: ars3TRINGF (80,203 :gosub 999¢

SATO Bu=T:av=l:a8="(ECl....Edit Cradle parameters":gosub 999&

9071 EBEY%sd4:asr="{[Cl....Load Cradle parameters':gosub 9996

072 EY%=S:af="([(SCl....S5ave Cradle parameters':gosub 99%¢&

QCTT BYU3siafa"(VCI....View Cradle parameters’:gosub 9994

SPT4 E=Tiaf="[FCI....Frint Criole parametersigosub 9996

9Q07% HKY%sSjaf="{Wl.....parameter definitions diagram”:gosub 9994

QTA BUN=:afe"{C).....Calculate Total Absorption”igosub 9996

V4R E'=7;a%maQ:asm="[ES]....Ed1t Spectrum parameters’:gosub 9994
Q41 EKY%md4;az="{LS)....Loar Spectrum parameters’igosub 9996

SP4A° EVmS:;ar=a"[{SS]....Ssve Spectrum parameters’igosubd 999&

Q04T BUmszar=s"fySl. ... Y1ew Spectrum parameters’:gosub 999%

Q434 EUmT7;afs"[FS],,.,.Frint Spectrum parameterz’:gosub 99&

SQAT EU=S: 2= {T)...,.channeview proaram Defaults”:qgosut 999~

Q4L FYUmQ: .Tx"TY, Ecz],.2X1t program (press er1tner twice’ ':gosub 9995
SQS@ leorcate 15.1:c0lor 15.0tq0sub 9991 "Show note!

F10Q ~r=sMESSAGE$: E=1T:G0SUR 11170

€11@ gostt 11400:)ocate 11,1:CALL CLREOL:A%=7:B%=11:ATTRY=14: Ars"gnt
Ce =y ":00SUE 999£: LQCATE KL ,29:COLOR 14,Q0:36tr%=14:F15%=1:G0SUR IC

MAIN MENYU OF CRADLE FROGRAM —

. Sk 11000 FETLIRLS .
- QO@@
s Dizplav Top linme

Nata b
CE@A TTLOR T,0:CLSiattrvamQa:rar=TITLE : a%=1:0%=al 100Ul 999 at e, =1
TREN SR RS T T CHYERCSTIONSE: 9osnb @9ve




CRADL.E.BAS Source code listing. Fage =

SORT AU=L1-LEN(TE :attr2=9Saf=TIiqosub 999&6: attr%=:060SUE 1000Q: a%=4Q:af=da. I~
c3ub 99%9¢

I90s RETURN

°e19 -

se11 o fRead program contfiqQurations

et

9917 on error Joto 9%914:gotc 9920

SR14 1+ err=L7 QR ERR=&C then messaqet~"Fleese Configqure vour CRADLE pregram, (2
ptéon D) from the MAIN MENLU,)":spcdeff="NULL":cdldef¥="NULL":rezume <77! € _ 35 4
200

SG20 CLOSE#1:0FEN "confi10.cd]l " FOF YNF‘UT aAs !

S0 INFUTHL DRIVES,FATHS, EYTI: E«T2¥ ,SFCCEF+,CDLLEFF

991 CLOSE#!

WeT2 on error agoto 40000

S94Q AXmCOMMANDE:CALL UFCASE(AX): IF INSTS(AF,"MASE ™) Q0 THEN prntisl:lprint © Fr
inter Active at "+ti1mef+" on "+datel+" " ELSE FRNTYs=sC

S94T on er-or qQoto 998Q

94% 1F SFCDEFsF="NULL" THEN +%=Q:gotoc 9960: else f%=1

©9Sd ARCHIVOF=SFCDEFS:gosUE 4140

<9960 1¢¥ coldefrs"NULL" then 9S70 else fiusaflel

996% archivos=scdldes¥:gosub 4440

f9TQ messaqer="Frogram configured. “"+str¥(fil)+" File(s) loaded”

9971 on error goto 4000Q:return

9PB0 1¢ err=ST then fY%mf{’-l:gote 40171 else 40000
9990 RETURN

9991 AYmS:BU=CERLINIATTRYZ=1S:AF="NOTE: Unle=ec otherwise gpecified, 2l1 dimencio~
s should be given 1n cm.":GOSUE 999&: a’=a’+sd

9992 RUsBE/+1:1Afa"The wavelength should be given 1n nanometers and the zbsorption
“$GOSUB 9996

9§97 BYUsSBU+l1AZa"coefficrient 1n 1nverse centimeters. Angular apertures shcould be
"t GOSUR 9994 )

5994 BRusBEY+l:AZ="given in degQrees. " :GOSUER 9996

QO0Y raturn

9©9. DEF SEG=Q:FAGEL=FEEL (1122V:0EF SEG:CALL YOFRINT (AT, BZ,Au. TTRY%FAGEY) 1 AZTULS
N

10200 ' ~—
10Q1Q@ | =~ This rout:ne sets Dayf %0 the current gay Of wael anc rerurng —
10020

100702 DAYY%=Q@:CALL WEEFDAY (DAYZ) ; DLENY%=VAL (MIDF (" T746T7T" . DAY 1

10@40 DLOCY=ASC (MIDX ("ADGLOVV " ,DAYY%) ) =4a4: DAYI=M]IDI ("SunMonTueswednee Thur afFr1 San .
dlac“vdl’ﬂ )"'"de""

100'0 MOMNTHY="AL (LEFTL (DATESL, ) s DAYY=vaL ‘MIDr DATEY ,4,2) 't YEARS=(RIGHTI (DATE S,

v)

10060 ° —— Ger the MONthH —~ame

1007Q dlanvsvel (in1df( ' 78% ,7844535782 . nonthi. L

10080 dluPV-accfmxd!("@?”“lL‘*;c;r“.montr...’)—4

10220 mcn!-mrd:l"Januer/F-nfuerynar_hAorxIMavJuneJulvﬁuqustSQQtemberﬂct:berhoua=

berD-"QMbef“.dlofu.dlnn

16100 1 g 14 21 & 28 TT 7 47 P <=
&7 . -

10220 —_— 1ACATE 1 1E:FRINT DAYS: ", “iMONME;" "shave" "I YEAF

182°Q@ ° == Sat DAY¥ t2 the print variablse

Q700 Davr = DAYF+", "+MONI+CTRE(DAYY  +" | "+year?

10712 FETURN
oToe




CRADLE. ®AS Source code listing.

13=21 —— This routine prints a fram2 and 1rputs characters tg
10720 =

1227Q IFf

li1ne 1nput string

10740 - INS yAput string 1.e. current letter beinqg preoccesed:
18720 © FIG ma:imum length or IFF

IOTES DU=CESRLINIAY=FOS O

19076@ 1F MODO%=1 THEN chfmchrf(72):Ln%=20:call stripfipf,=nE . Ln%)t1p.
ni%) 1 mEados0:qote 104020

10770 IF MODOYNs2 THEN 10400

13780 1+ modo%=T" then 13750 alse 10420

(079Q chs=chrd /T iLr%a0icall strapraapf.cht LnY)iipF=sledraant Lm0
1040C 1%=len1pP) i afmipFestringff1%i-len(1p$) ,177):908ubh 999A:iaca:
1pfiiqget> 10470

1042¢ IPI="”:'NI="":1Z=0:bﬁ=CSRLIN:QZ=PO°(G?:e!=STRING$(FIG%,177)tg:
1@4TQ [F FIGY = | THEN 10440 ELSE 10450 'To determine which =ourts:
10440 1%=1%+1:IF 1% = FIG% + 1 THEN RETURN ELSE 10460 ‘Read charcte:
rd

104%0 1%=[%+1:IF 1% = FTIGY% + | THEN 10%99 ‘male user hit returm or
104460 INFaINFEYS:IF INF="" THEN 1046Q ‘'Read ne:-
10470 ‘proccess character

12480 F MODO%=2 AND LEN(INF)=Z THEN MODO%=1:RETURN

10490 IF mMQODO%=Z AND INF=CHRE(Z7) THEN MODOY%=1:FETURN

12%0Q IF mMODQY= AND INS=CHR$(iT) THEN MODOY=Q;RETURN

10%1@ IF INEF=" ° AND FIG%=1 THEN GOTD 10446Q ‘no space character &
12520 1F INg="_" THEN GOTO 44480 : ‘no per
10970 1F INFsCHRTI ({T) THEN IF FIGhu=1 THEN 10460-ELSE FETURN "Test:s
10940 TF INFaCHRE(8) THEN YY%sLEN(1F$):IF «%=@ THREN GOTD 104503 ELSE

W X%=11 i P%=CSRLINs C%=FQS(Q) : LOCATE R%,CY=1:i%ms[%-1:PRINT " “3:L0CATE
10440

10980 PRINT INT: display character enteread

105683 TFI=]FF+INE ~"add character to line 1nput string

10272 GOTO 10470 ‘aet 1mnc | + get ne:t character

103580 ‘Once reached FIG limit

1099Q INT=INFEYS: IF INZF="" THEN 1Q0%SQ

184602 1F mMODODY%=l AND LEM(INZY=2 THEN MODQO%=1: RETURN
10610 IF MODO%=D AND INEFsCHRE(27) THEN MODN%=1:RETURN
10620 IF MODOY=2 AMD INZ=CHRT!17) THEN MODO%“=Q:RETURH

10470 IF INZ=CHRF(8) THEN 10@%4aC ‘allow only bacl spacz =r ~:
134402 IF INSaCHRE(1Z) THEN RETURN ELSE GOTO 10%90Q

11000  ~

1100 ! Routine to center 2 string (af) on the screen

11022 " —

11010 AYUSINT(d1=(LEMN(AF: "2, s FETLIRN
11270
11021 | — Fouting o convert
11022 o
11070 CALL LIPCASE (AL
11@20 FETURN

W

grtring (a¥* Lo upper sacse

Li10°0 -

11@9y —— ROoutine %o accept 2ne 2y from the bevbaard (upper ca
11Qe” "t

1110@ t:me.out%=Cion t1imer (1, geozuh 111Q4:¢)1mer on

10101 AFSIMYEYEDLF af="" THEM 11102 CLEE 11107

T1I0T 1 F time,auty =% THEM MEICLANI="Calact) it Fimo~out Ol LT
1V1CT GOSUE 11200:<1mer cr+iRETURM




SRADLE., BAS Soarce coge ligting, Fao=s

™
-

111Qa TIFE QUTY=time,Qutiirlireturn

1111@ ~—

111!l 1} —— FR3urlne %o record ana cChang® 3creen paqges —
1:1:12 ¢

11120 ON SCRNACT®Y 3NTO 11:70.1114Q,111S0.1116RQ,1116¢

11172 SCREEN @,Q,Q,2: RETLUFEN

11140 SCPEEN Q,0,1,Q0:RETURN

11150 SCREEN @.0,1.1:RETURN

11150 SCREEN Q,0.2,2:RETURN ¢

11151 SCREEN B.Q2.)1 . .2:RETURN

11172

13171 'I — Routine 2 Jisnlav 23 mesgsage &t line BY of the s-reen —
11172 "¢

11180 LLOCATE B%.:i:TALL CLFEQL

1111 ATTF”-IS-GG?”P 11000Q: gosub 9994 : RETLURN

11190 "«

11191 | —— FOutine program the printer (EFSON/TEM complatibles) —
11192 &

112CQ@ ON FRNACT™ GOTO 112:192,11220,1127@,11240,112%
11210 LFRINT CHRE (27 "@" s RETURN

11220 LFFINT CHRE(DTY ¢ "E": :FRNACTY=T:RETURN

11270 LERINT CHRE/Z2TY ; "F" i FPRMNALTY=2:FETURN

1124Q LERINT CHRE(27): "E": i RETURN

112F°Q LFFINT CHREIZTH s "E": : RETURN

117020
11701 | -~ Rouvtine to digplav scre2n 1n rapid secuence, ) —_
11702 ' —_

11721 DEF SEG=Q:FAGEY=FEE} (1122):DEF ESEG

11772 CALL XOFFINT (AL B ,A%,ATTRY FAGE') : RETURN

11420

1142 Show defaulte

11402

1141Q bY=2Q:antrii=zs:14 spedefi="" then spcdeff="NULL"
11311 14 cdldesr="" *hen sdldefr="NULL"

11420Q LOCATE EY%..1:CALL CLFREOL:af="Data Drive % Sath N Meney
thI:(B0SUE 11000:9nsub 99Ssa:brab%+!

C1ATD locate ChLh,itzall zlregliaxErCurront Spectrum f118 1A MEMOr, =Y Yespoens oo

"'o. tl¥;q0800 9CQ5:nN=p%+!

1144Q locate bY,i:z2all clrenliasz"Cirrent Cradle fi1le 1 memor. =% "+caloas

e t2Figosub 9994 nYshhe

va

Le 999
C1ACT pratarr

1:'.?“.

1490 locate bl.lizcall clresl:if arnt then af="FRINTER QCTIVE FCR LEZaIan

0! ! ———— OO0 CHECH SCUTTIRG -——

(847, el [

1942 GOSUE 12190 IF SFCLUIMES Y /2=INT(SPCLINES™Y /2y THEN 30TD 11520 el
1S20 ar="Warnina, you can 't have 2n even nuber of data paire Frease S
¢ adi1fti1ra”

saA ba A pa

1

1170 buUslSisti=lians~"=11:ancub 999

119 gozub 1109014 ar="" tnaen gonnAd 1RQ,S:acto 11540

TASSE? 4 2X=srnrl 77 thes coatuarn Bles ~atare 201

12000

Teny 0 - €4+ nr rantymosz ————
12092




TRADLE.RBRZ

Source code listing.

120@% COLODE T Qi xU=1rvYUsTIFORME="#Hy , U "

12010 bu=lav=1l:a8="Cradle El1%0r Editing Fi1le :"+CDLLOEFF:arty"

aQ

TIAZD puslafr=S RINGtiﬁo.lqb) ansub 1178Qrattr =100

12070 bu=T 1a¥=" = Lens Farametars Foe
Yi1acsuh 1170Q :

12030 R¥=4 ;af="|—Lene radii1 of curvature Firet | =LAS
I":gosub 11700

1208 B.=% rag=")| Second | R e

raction I1":taneun 11700

129460 Bu=: j(ata"|~Fosi1ticn of the lens surface |
i":gosub 1170Q

1207Q BU=7 sapr="! zlosest to the rod = Jaz

ant parameters 4'i1gosub 11700

TOER BU=E :1a¥="|=Full aperture of the lens j=Jacl

1us 1":gosub 1170Q

12090 EY%=9 :af="| pair system 1M degreas i =Jaci

1us 1":gesub 11700

1210Q EZs=10:28="1<Edoe thickness !

ef-action I“:qgo08sub 11700

12110 Bl=ll:a¥="|-Gap between lenses | =Jac
I":ansub 11700

12120 BuU=1C:as="1Lens glass 1nge cof refraction | Cog
|":1gosub 11700Q

12170 E%=12:ar=" :
= ":qosub 11700

12140 E=14:af=" = Dioc=2 LASER parameters =
“:gosub 1170€

12150 E%=i%;:afc" | ~LASER medium i1nde: of refraction
|":gosub 11700

12160 Pi=t1érars"1-Dioge LASER cutput gli1t ceoordinates
1":g90sub 11700

12170 BX=17:a8=" | =feam angular width -
“:nosub 11700

1218Q Ev=18:af="1 —Fearpengicular *c the active laver

1 Commands
12190 Eu=iQ:

~&vw the

FToeen

'tigosuwo 11700
—arallel

rrrgosus LiTee

ag=

tc the active laver

12200 B%="0:afrx" | aCenter wavelsnath

Fd Save ¢

le 1":3osub 11700

124Q0Q: NEYT: RE”

V-

A=
S B

RSeS|

1221 Bi=21:ar=" (~Stancard deviation
to Nui s editor ["iagosub 11700
ITTOQ RU=TTiar=

== " rnosub 1170C
12278
12240 ! print var:ables !
‘\-!" . L .
Z2A0 FOR Mragl2.50T =1 TC ZQ:CIF=@:COAL0OR S,1:60SLM
L] ’\H"m
12280 Sanz data ot pvh :
. ‘-A‘:f\ —
TITE TOSLT LITCQ:LNCATE £ L BN SR THIRY
TN 1T Cradle RTY, =7 THFN PXY=T7%«¢Y% CLSF (272Q@
TTTRL DM T e ROTY CATHR (2TECIDTOTLINTOLG, LTS 1070
CITRT BNt YU s RETLIRY




IRADLE, TS Source code listing, faqe <
1270 PYILEN YLD RETURN

127€3 Fytimayy Y «d: RETURNM

1270 FYU=vy v +4: RETURN

127TRs VY=YV« RETURN

1DT0T FPYLSYYL+E: RECTURN

12oTNE BYLavvYY%+9: RETURN

S0 IT Cradle.ROTY=S THEM FYYU=2T ] ey YU iFYU=yYU U+ Tt RETURN

12730 IF Cradle.ROTY =17 THEN FX%s&eI+x (), ELSE 1276°%

12TER ON Dragle.301%-T 6OY0 12780 127N 1ITel L 1204801 2060 12T
127480, FYUsYYY+1 s RETURN

CTT sl BV =y YULSRETURN

12740 FYU=YYL rs s RETURN

Sle T FYumvyysef: RETURN

127234 PYU=YYY+9: RETURN

1TSS IF Cradle .ROTY=16 THEN FYY =S+ XY FYUsYY4+1T i FOCTURN
1275 FYU=TO+ XYY

12047 ON Cradle.ROT%-17 GOTQ (Z2748,12769,127658,12770,12270,12772,1277°7
12768 FYYmYVYY+1Z:RETURN

12769 PYY =mYYY%+iI:RETURN

1ZT7Q FYUmYYU1 15 RETURN

{2771 FYLURYYY+16&: RETURN

LITTD FYumYYU+ 17 RETURN

1T OPYLUaYYY+ 18 RETURN

12400 - —

124901 | Display Data 1n wingdow |
124902 L - d
12407 GOSUE 1Z27Q:CLRERASTRINGF (1Q.72):IF CLR' THEN FRINT CLR¥::RETURN
1241 ON Cradle.ROTY GOTO 12470,12470,12442,12450,12460,12470.12480,:249¢, 12520
12%:9,12520,1252%,12570,12540, 12550, 12560.12572,129680.,123%90, 12600
12422 FRINT LISING FORMI:RI:RETURN

12470 FPRINT USING FORMSE:FQ:RETURN

12440 FRINT USING FORMSI : AL :RETURN

124850 FRINT USINIG FORME: AFANGLE : RETURN

Zde@ FSINT USING FORME; TE:FETURN

123470 FRINT USTNG FORMTI: Ti3: RETURN

760 FRINT USING FORMI; INDEX:RETURN

1TaA9y FRINY USIMG FORME:RROD: RETURN

t2S00 FRINT USING FORME:NROD: RETURN

1S10 FRINT USING FORMTI i RWATER: RETURN

220 FEINY USING FORME:RIACHLET:RETLFRN

1SS FRINT USING FORME ;NJACEET s RETLIRN

175760 FRINT UEING FORMIiNWATER: RETURN

CEAM ERINT USINHNG FOMME N RETURN

1790 FRINT USING FORME: 2D FETIURN

12529 FPRINT USIME FOARME: O s RETURN

POSTh R INL O LISTMG FURMI: TEF:RE TIJRMN

129AQ FRINT USING FDORMI: TRR: RETUURNM

12590 FRINYT USING FORMS: LAMEDAQ: RETURN

1,000 S NT ST FORME: SIC:RET RN

e

=R Clear Cragle.FNT% and s2t curaor !

-3 )

12526 COLOR S, 1:0iR%=1:G0CSUE {Z4@0: GOSUE 12270 CLR=Q: RETURL
vy~ -

e

£ input

srom oL ovnnard




CRADLE . BEAS Source code li<t:irnq.

12270 -

12875 locate ZT,':call clreol

(2474 aterv=T:mocav=T:a¥="Enter new datum 1 h%=2T:a%=:1goeub 999&:1o7
1275 locats RU,lencafy+lscolor Liprann trtr f1%=TSiCOLOR 7,0
1267& gosub 10720 ';osub 12770 <et 1ps . Get String
12677 1+ moge’ then return else IF VALIFF) =Q THEN INI:CHRI‘IZ):MODC
17878 GASUR 12990:3QS0LR 127C0 ‘Set var w/ipf ¢ Hy color wr
12675 Qosub 1249%

{2648 return :

2&5Q

12431 7 FZ function tev call Load) |

«"\CQ“\ N ]

12820 - FILACTY=T: G0SUR 4QQ@V:EY%=_2S:AF=MESSAREI:E"=2S: GNSUE 110QQ: LS
12278:Tradle.ROTY%=1:60SUE 127SQ:LRCATE 1,74:CALL CLRECL:COLOR 2.Q:F
CDS”P 1117@: RETURN

1SETR

12870 7 F4 function kev call (Save) i

12472 7 — )

1242 FILACT  =4:CAOSUR 40QQ0: A¥=MESSAGET: EY=2S:GOSUR :11000:G0SUE 11:17¢

12&°0 —_
12820 Lefs - up bhey scroll 1
12&92 -
12497 Cradle.fOT.NEWY=Cradle, ROT%-1:IF Cradle.ROT.NEW%=@ THEN Cradle

17693 GOSUR  1270Q:RETURN
12490

126956 | right - Qown key .scgroll 1

1:5q7 L . —

124698 Cradle.ROT.NEWY=Cradle .ROT%+1: IF Cradle.ROT.NEWY%=21 THEN Crad!
12699 GOSUE 12700:FRETURN

12702 -
12721 1| lear old write new - up key scroll |
12702 -
(12707 G0SUE 1274Q:Cradle.RDTY=Cradle.ROT.NEWY

12710 GOSUE 127<@ ‘Hilignted color

12722 FETURM

12770
12770 ' MNormal color write ]

—-——-
12772

12740 GDSUE 12£10:COLOFR S, 1:G0SUE 1240Q:RETURN
12750
127S1 i Higrlignht color write !
Py L -

12745Q GOSUE 12410:CCLOR 14,1:50SUE 12400 RETURN

: :7’(:\

1277
1277
12722 'OM Cradle.ROTY GATY 12790, 17000, 12312.12920.12830,12840, 122
< 1CBEQ. 12290, 12°00, 12510, 10622, 127, 120412, 1TVSR, 12660, 1097, 12580
12790 (R T=CSTRI R IR TR

12900 (FEsCTRr OO, c RETURE

VNI IR S=SIST s g s RE TN

ZIU T =GIRE cak S NGLE s RR TR

J

M € F=CIFriTE) s RET N

1 ca MLEE -0 R JE A PRI Sl AR Y
12290 [Fr= IR: (1LDE G RTTUIRN




[ RADLE, LS Source coge listing. R Fane 1%

12860 " 1FE=STRE(RROD® : RETURN
12870 - IFF=STREF (NMOD) : RETURN
17080 - IF$aSTRS (RWATER) : RETURN
12890 ' IFFaSTRY (RJACHET) sRETURN
12900 " lFe=STRT (NJACHET) : RETURN
12910 " IPFsSTRE (NWATER) : RETURN
12920 " I+reSTRE (N tRETURN

12970 'IPF=STRLT(XD) :RETURN
1US3Q CIFFESSTRIYD) t RETURN
129%Q " IFEaSTRI(TFF)Y s RETURN
1,960 1FE=2NRE(TFRY ¢ RETURN
17297¢ " IPT=3ITRY (LAMEDAQ) : RETURN
12980 "I e=STRL(SIC) ¢ RETURN

12999 - —
12991 "1 Set var with 1p¥ : !
13990 ;

1299% ON Cradle.ROTY. GOTO 140Q0.14005,14010,14020,14070,14040,140%0.,14040.,14270,
14080.14090.14100,14110,14120,14170,14140.,.141%50,141£0,13170,141€0

14Q00 RiI=VAL (1F¥F) : RETURN

1400% RO=VAL (IF$) s RETURN

14010 XL=VAL(IFS :FETURN

14073 APANGLE=VAL (IFPT) : RETURN

14070 TE=VAL (IPT) : RETURN

1404Q TG=VAL (1F3) :RETURN

14080 INDEX=VAL (IFF) s RETURN

14050 RROD=VAL (IF$) ;RETURN

14070 NRODsVAL (1Ff) : RETURN

14080 RWATERSVAL (1FT) : RETURN

140990 RIACKETsVAL (1FT) : RETURN

14120 NJACKET=VAL (IFPF) : RETURN

14110 NWATERSVAL (1F%) : RETURN

14120 N=sVAL (IF$) : RETURN

14170 XDaVAL(I1FF) ; RETURN

141349 YDaVAL (IFE) s FETURN

141%Q TFFsVAL (IFF) :RETURN

14160 TEFRsVAL (IFT) :RETURN

14170 LAMEDAVSVAL (IFE) : RETURN

14182Q S1GsVAL ([P :RETURN

1%Q00 - ——

1TQ12 | Spectrum input routines (Generat2 cisplav) |

15022 "t i

12021 SPC.COLOR.HIY=14:SFC.COLOF.LGWY=2:SFC.COLOR. EG%a0:CLR¥=STRINGF (10,72
{070 COLOR SFC.COLGHR.LOWY ,SFC.COLOR.EGY: _LS:bY=1:al=sl:attr%sl;: af="Spec-rum oy«
nrtaggzeh 9994 '

1907 bUu=1:a¥=20Q:a¥="Currant Fi1le "+SFCDEFf:qgoeub 90946 'Dieplav cur-em=< f:1:=
15059 bYi=sTi1aksliAT="Wavelength”1Qqosub S995: 3%.34Q0:cosub 9996

1€A431 2U=1T1AF="Abso~pticn coetficient”:nosun 9994: alkxS5:gosub 999c

19002 bh=d4:2%=4:AF=" (NM) ":g03uUb 7955; a%u=dT;qosuk 99954

1S@5T a¥=Zl:A¥="(cm ~1) ":1goeub 999&:alssl:igosur 7R9¢6
1SR4 a%=t:ib%=2l:ar=CTRINGE (2D, 196) s a0sub 995«

12055 ar=" Ql11-( zjears al]l entries th cerno
18 "

1TQ%¢ attr%=13:gosubh 110QQ:gosub SOG4

15Q7) ~dsgersMiFNR AY, = | TO ZQ

F7 1o&d 4rom dis} —— Fa

n

Fage

.

£
1SR LOCAYE (&%+d 0 (1 FFINT USING “#4 5%




CRADLE. BAS Source cnde listing.

13e9¢
15100
1S110
15120
1817¢
15140
15142
151506
151951
1$1S2
13160
L7
15180
15190
15200
1521@
13211
18212
1522
=i
12240
1S52Se
13250
15270
15271

18272

12280
185290
15200
T10
15711
15212
1872

153:

15740
19250
15751
193282
137TTT

15760

L%=20:

13770

LOCATE (A%+d; 4 :FRINT LUSING "w#au®, " : L_LAMBDA (4%
LOCATE (AY+d ,ZUrERINT USING "#d dead": RARS (AY)
LOCRATE «n+d) (Q1:FRINT USING 88" I20+A%:

LOCATE (AL+4) J34:FRINT USING "##u#. 8 1LAMEDA ' TQ+A%N) ¢

ILOCATE (AY%+4) ,8Q:FRINT USING 88, stnd" AARS (ZQ+A%)
NEXT &Y
RETUFRM

‘1 Right Scrall |
| - ]

GOSUE 19270 ‘clear old

Spectrum ROTY=Spectrum,  FOTY+1

IF Spectrum.ROTY =30 THEN Spectrum.FOT%u=

GOSIlE 1ST10@ ‘eet Nnew

RETURN '

1l Left Scroll |
CosuR 13270 clear old

Spectrum.ROTY=Spectrum, ROT%-1

IF Spectrum.,ROTY% =-1 THEN Spectrum.ROT%a79
GOSUR 1ST10Q ‘set Nnew

RETURN

L . 1

‘1 Clear olg
CCLOR SFC.COLOR.LOWY .SPC.COLOK. BG%

GOSUE 1S7%0 ‘set agdress

RETURN

" Set New |
COLOF SFC.CQLOR.HI%,SFC.COLOR.EGY

GOSUE 1357S ‘set addresc

FEETURN

"1 Set agdress ' ]

L

Spectrum,.rEYY=0:Spectrumn,. WORDY =0

IF Spectrum.ROTY%/22INT (Spectrum.ROT%/2) THEMN COL%=m4:FORME="w#us

FORMS="#s #au4st":Spectrum.LENYs]

IF Spectrum,.ROTY T2 THEN COLY%=COL%+40:R0OW/=Spectrum,.ROT"~-4@:<¢c

=220 ELSE ROWY.=Spectrum,ROT%

17802
15290
15400
15412
15417

ROW%=INT (ROWY /D)
Spectrum. WORDN =Specerum. WORDY.+ROWY
LOCATE FOQUWY%+S ,COLY%:FRINT CLFRS:
LOCATE ROWY%+S,C0OLY

I Spectrum,.FEYY THEN FRINT USING FORME:AAES (Spectrum, WORDM+1 -

USING FORM:._AMEDA«Coec*rum WORDY+ 1)
1..04.2
15471
1€472
19477
15474

FC’UFN
1 Edit ~outime |
| J
lozcare 2Z,1:call clreol
:TTRZ=7:modoZ=;:a:=“Enter new datum":9u=T7%:a%=1;;90%:




CRADLE. BAS Source code listing. 3

%o
€N
(]

17

€475 locate bh,.lencaf)+l:color T1,d:print ":":i:+1Q%=IS:COLOR 7,9
15440 "COLOF SFC.COLOR.LOWY.SFC.CCOLOR, BEG™

1S4%50 "GOSUER 1S7S ‘eat address

1€46@ "LOCATE ROW.+S COLYM:FRINT CLRE¥::LOCATE ROWY+S,COLY

15470 ' IF Spectrum.t Eri THEN I[FFsSTRE{(AABRS (Spectrum.WOFRLY+1): ELSE IFF=371F rLmME

DA(Spectrum. WOFRDY+1)

17460 GOSUER 10720:1¢ mode% then return ELSE IF VAL IPF)=@ THEN INS=CHFI (1T, :mMOLD

=1 : RETURN

15490 IF Spectrum.tEVYY THEN AAES Spectrum.WORDZ+1)=VAL (IF¥) ELSE LAMELA 'Sfec

LS e d

LJWORDL+LYmvAL L EDD

1SS0C GUSULE 1S710:gosub 15158 FReser variable & Scroll right
1S51Q RETURN

12220 \
1S€2 1 FT functiom kevw call (Load) !

[ Salel T4 J
- - -

1570 FILACTY=1:6G0SUE 4Q00:1F Fr="NULL" THEN af¥sz"_Load routine aportel" ELSE
E 15000Q:Spectrum.ROT%=0: GOSUE: 1ST10:a¥f="Load Ok ,"rstrfspclinesi)+" pa:-'¢)
ata.”

1S%71 av%=sS@:locate 1,a%:call clreol:attri=11;E%=]:G0SUH 9994:RETURN

19540 ' \

1€%41 ‘| F&8 ¢unction key call (Save) i

1S832 ¢ i

19980 FILACTY=Z:60SUE 4000:1F Frs“NULL" THEN afs"Save routine abor<ted"” eise

Save OV ,"+STRI(SFCLINESY)+" pairs(s) of data."
19TS 1 aAY=m%0:locate 1,alicall tlreol:attr%nllgB%-I:GDSUB 9996: RETIIRN

15940 -
1%%&81 | Fey dgown |
o6 ¢ d
15%70 GOSUER 15270 ‘clear ¢lg

17520 Spectrum.FOT%=Spectruom. ROTY+2

19590 IF Spect m.ROT%=80Q0 THEN Spectrum.ROT%=0

153591 1¥ spectrum,rot% =81 tnen spectrum,rcr’=l

1600 GAOSUR 17712 ‘s@%t .1 W

19650 RETURN

19670 \
1967 | seroll Fey up i
18672 A J
15680 GASUE 1S270 "clear nld

19690 Spectrum.fOT%=Spectrum.ROTY%-2

1$70¢ 'F Spectrum.RDOT%=-1 THEN Spectrum.ROT%=279

15701 1§ spectrum,.roti=-_ then spectrum.rot’%=78

175710 G50SUER 1ST1O set New

19720 RETURHS

1771 ! Home szroll ]
18772
1740 qosub 13270 ‘Clear olg
S7%0 spectrum.rot®=0Q

13760 qosub 1TT10 set new
1577Q reture

1S7BQ
19781 1 Eno s3croll
L8782 L )

*TT9Q gozub 197 “lear —id
1S820 spectrum.rrt=7C

»
L]
i




CRADLE.BAS Snurce code listing.

1810
15820
138782
15871
13872
15840
158%0
15840
19870
19871
12780
13881
1%€82
13890
12910
18920
185920
19940
160C0
16001
16002
16007
16004
16007
ocate
16010
16020
16020
1602°%
16040
16047
160%0
16100
16101
1102
14110
161292
161702
160140
16141
1700¢
17001
17002
17007
17010
tion”
170202
1702
17070
170240
G200
M1
220
QT3
TOwa0

gosub 15710 ‘eet new
return

B Fage up |
gosub 1527 ‘clear olg
spectrum.rotsspectrum,rot%-56

if speactrum.roti . Q then spectrum.rot’%=Q

gneub 15210 ‘set rew

RETURN

‘1l Fage down |
gosub 13270 ‘clear old
spectrum.rotisepectrum.rotii+é

if gpectrum.rot’% .79 then spectrum,.rot’/=s?’79

gosub 15010 ‘set mnew

RETURN

‘Il Clear all entries |

LOCATE 2S,1:COLOR 135,0:FRIMT STRINGZ(79,22)1

afs"Clear all entrige to zero” "ilocate 23,5icolor 15,0:print
afsinkeySi1f af="" then 16004 else gosub 11020:if as="Y" then
2" l:print stringf(79,22)itreturn

for 1%={ to 40 '

lambda (1% '=Q1 aa0s (17%) =0

ne::t

"FEY (1) STOF:FKEY(2) STOF:HEY(Z) STOF: rEY(4) STOF

Qosud 13000

‘FEY (1) ONSKFEY(2) ON:HEY (Y ON: KEY(4) ON

return &£19%

"t Fing f1rst lero oo
for 1%=] to 40

14 lamboa (1%4) =0 ang aabs(1%)=0@ then 1%=1%-1390t0 16140
neutiIF %= 41 THEN [%=43Q

spclines’.=1%:14¢ prat’ then Ilprint "SFCLINESYZ ="igpclines’
recurn

I Calculate Spectral and/or Total absorption ]

e L r="CDL": TOTARL="FRN";calacti=1

ar="Sub Menu: S .se.esCalcuiate Spectrum T ....ecalculate

tb¥%=lT:g0sud 11170

afsinievf:1§ af="" then 1702

LempEs"ST "+chr5:127)3qg0sub 11023:1¢ 1nstr(tempf, af =0 then 1700
1§ 27="T" then 24000

1f afmchr (277 then 22

‘Ray tracing program for the calculation of the energy depos:’
densifty 10 = cvlimarical rod  when pumped bv ei1ght linear z=rr-
'2¢ laser diocdes arranged around the rod 1N A eymmetr:
zontiguration,

Calulate spectral abesorntion




Q

CRADLE.BAS  Tource coge listing. Faqge

>

20940
—ouTe
IPET) titled="Cradle":Te="Spectral Absorpticn':gosub 27000
20100 AFANMGLE=7.141S5926S##aFANGLE 180! /2

0112 Aal'#YL+SINAFANGLE): A=A+, 1: SAGO=RU-SOR (RO*RQ-4+A/4")
2Q1270 SAGI=RI-SOR(RIeRI-AnA/4'): Ti=TE+SAGO+SAGI: TFal'+TC+TG

le

- n

T9170¢ locate 4.1:FRINT "A = "3: FRINT USING "##_ 86t% " A

20140 locate S,1:FRINT “TC = "i1: PRINT USING ''#8. eees “iTC

201%0 locate 6,1:FRINT "TF = ":3: FRINT USINK "#6#. 8868 v TE

Zo180 -

0150 'N=T.e: © BaAs 1nde: cof refraction

-Q2C0@ INDEY=1,%is& " i.@ns Qlass i1nde: ot refration

210 NIACHET=1,4S2S (arts Jacter 1nde: Of refraction

20220 MWATERa) ., -7 Cool ant 1nde:: Of refraction

cocteo -

Z024Q locate €,S:FRINT "Enter range cf run numders you want ‘fram | 2o “(3FI_INE

“i"): ":praint
Z024@ FRINT TAR(4%) ::CX=F0S(Q):CY=CSRLIN: INF.T "From : "GyRRUN1%: IF RFEUNLIS =2 T=
EN 27564
20272 IF (RRUN1Z-@) OR (Fi-Jtii% spclines?) THEN LOCATE CY,CX: FRINT STRINGS T2, "
y: LOCATE C-.Cx: GOTO 20260
2etse
207 FRINY TAE(4%) ;: Cx=F0S(@): CY=aCSRLIN: INFUT"to : "y RRUNZY
20700 IF (RRUN2Y RRUN1%) OF (RRUNZY.spclines’Z) THEN LOCATE CY,CX: FRINT STFRINGT.
T@.,""Y: LOCATE CvY,Cx:s GOTO 0290 :
<8710
Z2TT0 LOCATE 1Z,l:cail clreol:COLOFR Z,0:attr=2:FRINT "Enter Title ";:MOQDO%uU=Q:F:
37%=&7:GOSUE 1072Q:TITLES=[FS
20740
2€T41 ° Dimentions' ' ‘!
20242
207460 REDIM AKSQO (20,1600
20770 NRY=ZQ: NSECTY=1Q: NTHETAY=1&#NSECTY
c0Ten -
20°°Q for %=1 to spclines’:LL (1Y) =lambdac1’l) inext
20400 erase ]amode
20450 -
2QaTQ FOR RRUNYZ=RAUNLY TO RRUNZY: WAVEL=LL (RRUN7) : AERCOEFF=QARS (RRUNS)
cQ4age -
Q4°@ FOR k%= TO Z20: FOR LLY%=Q TO 140
20%00 AERSO(FKFZ, LIL%A) =@ ' NEYXYT LL%: VOL(bEY%)mQ': NEXT KR
20%.0 clsicoler 2.0
2ATTO LFRINT: LFRINT
JOSaAP FRINTS Date: ":DATEF: " TIMC: ":TIMES
2QTEQ@ LFRINTY Date: ":DATESf: " TIME; "“:TIMEY
20560 LFRINT: LFRINT: LFRINT TITLEF: LFRINT: LFRINT: LFRINT
203570 LPRINT “"Diode |aser wavelenath : ":i1 LFRINT USING “w#ew, 8" :WAVEL;
-278Q@ _FRINT " mamomererz": LFRINT
203590 LPRINT "Absorprion coetficient : ":i: LFRINT USING “s#és, #8" : ARCOESF ;
20600 LFFINT " 1nvaerga centimeters"
S0a1Q UFRINT @ LFRINT: LFRINIT:; LFRINT
20620 -
—064Q LsWAVEL/1Q0LC!
20450

LOATO FRINT: ERINT




CRADLE. BAS Source code li=tina.

~2eB0Q
20690
Q720
ZB710
20720
2770
~B7a@
2070
227&0
SB770
~73@
207<0@
~0800
o812
Qe

20870
20840
-08%2
20860
20870
~02880
~@8e0
20900
coc10
020
~0°T0
29940
209%0
20960
20970
20980
20590
21000
21010
21020

- -
- -

~1CaQ
210%0
-10e0
Tiove
1020
21990
1100
Si1i10
s E¥

21120
21170
~1140
21150
Jilel
Z117e
21180
~1190
1290

: &F

LFRINT: LFRINT: LFRINT: LFRINT

1+ Determi

ermine entry point and calculate several combinations
paramatar

s that are neceded for later calculatimons,
FIl=23,14159265758979Ts

HALF%aNTHETAY/2: DF=RROD/NR%: DTHETA=Z'+FI/NTHETA%
F1=aN"Js F@=sTaFI/L;: ClsKQeN;

TX=TFF*F]/180': TY=TFR*F]/180Q': YE=, 49T« / /FIxSIN(TY /2
YE=2, oSToL/ (FI®GIN(TY /211 ) (Q=NeF]#XE 2/0L: Y@=M#FJwvk T/
E11=Cle(1'=(1'/X@~1'/YD) 7C1) . &

RL1=RO: RLIZ=R]1: FLT=sRI: RL4=RO
XCl=YL+TF=-RL1: XCO=XL+TC+TO+RLD: XCT=XL+TC-RLT: xC4=mxXL+FRLA4
XDD=X{ +TF+XD

RADINF=0': LOSSES=Q': ABSORFT=Q'

FOR I11%=1 TO 18Q: ALFA={2Q'=(1I1%-.S)=,4)2F1/180"
SABSIN(ALFRAY; CAsSCOS(ALFAY: INTENSQ!

FOR JJJ%=1 YO 10: BETA=(JJJ%-.2:»l'2F1/180"

SEaSIN(ERETA) : CE=COS(BEETA)

CST=CA#CE: FI=CST#CST: SNTaSQR(1'-=F2)

IF SNT=Q' THEN SNF=Q': CSF=1': GOTO 20°70

SNFaSE/SNT: CSFaSA=CE/SNT -

IN=(CST#CSF! "24SNF~2: I2=(} 1=SNT ") .5: Is(I2+Cit/v0)
1=]/7(I2+11/CST

EXmk QeCSF#SNT: rYsr Q#SNF#SNT: FSI1L1eEXP (~,2%# ( (XE#b X)) T+ (YE#}
{=sCE«[#FSI11 "LRFRINT USING "UN#, ban
INTENS INTEN+]1: NEXT JJJ%: RADINF=RADINF+INTEN

DELTA=s—-QLFA: YIayvyD: XxI=xDD: ~ FRINT ALFA: FRINT

YC=xXCl: RL=RL1: Sg="1": GOSUE 21080
XC=¥C2Z: RL=FLI: Ss="2T": G505UFK 21170
YC=YCT: FL=RLT: Sf=~"T": BOSUER 2108Q
(C=«C3: RL=RL4Y: Sr="4": GOSULK 21170
S5a3DELTA: v=x; Yx=v]

cOTO 21270

SND=SIN(DELTA:; CSD=COS(DELTA): X1=Xi=-X_

FimX | «CSD+Y[+SND: FLISOsF1#F1: FTacleXl+y]4vI=-RL*RL
FI=SOR(FISO-F2): Faf1-FT: 11=sY1-CSDeF: YImVI-SNDsF

IF Y1 6/ 2" THEN FRINT “WARNING: RATY GOES BEvOND LENS &FERTIFE

L1=0]-4C: THETAN=ATH(Y1/Xx1): MUSTHETAN-CELTA: SNMaSIN(MU)
NU=SHM/SOR (INDE(# INDE (~-SNM#*SNM) ; NUSATM (NI ; DELTAsTHETAN-=NILJ
RETURN

SND=SINM(LELTA, : CSheCOS(DEL T Yi=yl-x(
Izt Sl [eGHL: FloU=FleF: Fosrledl+y ey [-RL ¢RL
FI=SOF F1S0-F2); F=F1+FT: Y1=/s/1-CSDeF: vi=YI-CNDsF

TEONT AT THEM FRINT “WARNINC: FAY SOES BEVOND JEMS AFGHTURE




TRADLE. RAS Source code l:i:sting., Fege 21

1210
21220
s12Te
21240
s12%0
1250
bl Bt

21280
z1o90
21700
-1’10
2132

o St
21740
217%0
21760
213270
217280
21790
21400
21410
Z1420
1470
~1440
1442
21470
21480
21490
=13500
13510
o182
~1320
-1%40
213350
21540
21870
21980
21590
-is0Q
21610
21620
21620
~1440
21550
1660
21670
<1480
21490
21700
21710
21720
17Tl
<1740
2172

S1Ts0

X13XI=YC: THETAN=ATH!=YI./y1): MU=THETAN+DELTA: SNM=SIN(MU)
SNM=SNM2 INDE: NU=SNM/EDF (1 '=SHM#SNM) 3 NUSATNI(NY) ¢ DELTA=NL=-THETALHN
RETURN

v

NREF=NJACHET: R=RJACHET: GOSUE Z172
NREFSNWATER/NJACHET: R=FWATER: GBOSUE 2172Q
NREF=NROD ‘NWATER: R=xR0D: GOSURE 21220

GOTO 21420

CSG=C0S (G : SNG=SIN(G)

DIST=ARS 1«SNGE-Y#(CSG): [F DIST =R GOTD 27109

Si=xeCSG+Y#SNG: S1SC=S1#S1: Sl=xex+YsY: SI=S0FR(S]1S0~ST+ReR)
SaS1-87: S0O=S1+S87 .

YImy=SNG*S: X1sX-CSG#S: THETAN=ATNI(YI/XI): X=X]: Y=Yl
MUsTHETAN=-G: SNM=CIN (M

NUSSNM/SOR (NREF «NREF-SNM#SNM) ;. NUSATN(NU) : S=THRETAN~NL': RETURN

CSGeCOS (G): SNG=SIN(G': S1=Y+CSG+Y#SNG: S1S50=S51#S51: STaRkeR: Sz
ANGLE=G#180Q' /FI;: XQax-Y/TAN(G): FRINT x0,Y,ANGLE: FPRINT
LFRINT ¥0,Y  ANGLE

-

=) Determine entrv cell.

THETA=THETAN
17%=NR%: JUs1+INT(THETA/DTHETA) : IF THETA.Q' THEN JY%sNTHETAY%-J%-1
SIDE%=T: Ta4=J . #DTHETA: TIlsT4-DTHETA: Ri=R-DR: RI=sR

‘2) Datermine next cell.

IF SIDE%u=1 THEN GOSUEK 21&50
IF SIDEW=2 THEM GOSUE 22000
IF SIDE%=7 THEN GUSUE 2272

IF SI1DEY=4 THEN GOSUE 227%

NEXT 111%: GOTQ 27140

‘Determine a1t face ang energ, aeposition when the ray on
‘trough face |,

v
L]
3
"
-
T
‘
N
(]
—

SNZ*SIMN(TT): CSZnCOS(TZ): TANT=TAN/T2'; DaSNG-TANZ#CSG: SS2= v=TaMIss - [
IF S8C £ G0TO 21710

(]mf=SE2+CSG: YI=y-SST#SNG

SIGN=]1': IF ((]#CS2' @ THEN SIGNw-1!

IF AES X ]7 1E-08 THEN IF (r[4SN2Y O THEN FIGN=-1' ELSE SIGN=]'

RReSION#SER (K I#Xx1+yley]): [ RR-RT THEMN IF RR-R1 GOTO 218%0
SN4=CINITAY: CS54=COS Ty TANA=TAN(TA); D=SNE-TANA#(SG: SF4c(v-TatideY .
IF SS4 € GOTO Zi72e

FI=/-S244[S3: (1=v-SCdeCNE

SIGN=1: [F ««leCZ3) O THEMN SIGN=-1:

IF ABS (1] 1E=-Q8 THEN ]F vI+GHNAY Q THEN SIGN=-1' ELSE SIGN=!'

RReGIoNeCR  rledisey[ory] ; 7+ RF RT THEMN IF RR K GOTD 21900




CRADLE . BHAS Source code listing.

21770
17ee
21790
~1890
-1g1e
Z1820
2187
~1840
21880
21860
2127e
ligse
J18ve
2150
=i%910
21920
21929
2140
21920
<1960
=1%70
21980
21990
<000
2CZo1a
iy pay
223070
-Z049
<2030
27040
pujlv. g
~2ese
22090
=100
22110
cZilo
pas s
22140

S2ise

22149
-—r.a
-~

221730
Llree
=202
oo
=220

- ——
-
-
So240

pajne1y)

X,

-

S7=81+S0K (S1S0-3L+F I#RT)

INTENI=INTEN®EYF (=QECOQEFF+ (ST-S1): ABRSOURF=INTEN-INTEN!
AESC (1% ,J%) =AES0 (1% ,J%) +ABSORF: [NTEN=INTEN]

§=87: SIDE%=1: [%Z=1%+1: RT=1%+DR: R1=RT-DR

IF 1% NR% GOTO 2704Y¥ ELSE GOTO 21950

INTENI=INTEN+EYF (~AQRCUEFF# (SSI-S)): ABSNRF=INTEN-INTEN]
QRSN 15,,J%) sARSO (1%, I +AESORF: INTENsINTEN]

c=SC.: S1DEVsd: IF 1%u=1 THEN JU=sNTHETAY% ELSE J%u=J%-1
Ta=%eDTHE Y A: T=T3-CTHETA: G0OT0O 21950

INTENI=)INTEN#E YF {~ABECUEFF# (S54-5)): APESORF=]INTEN-INTEN]
ARSD (1%, 3% =ABSO (1% ,J%) +AEBSORF: INTEMN=INTENY

€=GC4: SIDE%U=Z: IF J%sNTHETAY THEN J%=1 ELSE J%=J%+1
Ta=J%#DTHETA: -=T4-DTHETA: GOTO 21950

RETURN 215350

‘Determine 21t face and energy deposition when the ray enterc
‘“through face 2.

SNA=SIN(T4);: C£S4=C0S (T4 ; TANA=TAN(T4); DaSNG-TANA+CSG: SS4a=(VY
IF S84 § THEN GOTO 2217@ )

X]mX-S5544CS5G: YI=Y~-SS4+ENG

SIGN=1{': IF (x1#CS4) Q@ THEM SIGN=-1}'

IF ARS (X1) 1E-08 THEN IF (YI#SN4) - @ THEN SIGN=-1' ELSE SIGN=y’
RR=SIGN#SOR (XI#»XI+-YI#Yl): IF RR.RT GOTC 22170

IF RR-R1 GOTO 22190

INTENL1=INTEN*EXF (~AECOEFF% (SS4-S)): AKSORF=INTEN-INTEM!
ARGD (1% . J%) =ARSO ([%,J') +ABSORF: INTEN=INTEN!

S=25€4: SIDEW=Z: IF JUsSNTHETAY THEN J%=1 ELSE J%=J%+1
T4=J%.+DTHETA: TIaT4=-DTHETA: GOTO 22270

CETaC 1 +SOR(S1S0-50+FT#RT)
INTEMI=INTEN#E(F (~ABCOEFF ¢ (ST=8)): ABRSORF=INTEN-INTEN:
QRSO L% D% 2ABSD (1%, J%) +AESORS: INTEN=INTEN!

SaS7: SIDEL=1: [%=l%+t: RIT=[%e[lR: R1=RT-DF

1F 1% WR: GOTO Z7Q4@ ELSE G0TC 22270

S3I=mS1-SPR(ZISN~-CZ+R1#R1)

INTEMLI=IIHTENSEYF (~ABCOEFF4(37-S1): ABRCSORF=INTEN=INTEN]

ARG % U mARGO (1%, J%) «aBSTRE: INTENS INTEM=-ABESORF

S=$T: IF [%=1 COTS ZZl40

SIDEY=": lvw=ml%-1: RO=(%eLbR: Ri=RT-DR: GOTO 22270

SICEw=1; IF J%= HALFY THEN JisJ%+HALF' ELSE J%s=sJ%-HALFY,
Tad=)%#DTHETA: T_=T4-DTHETA: RT=l%.+[LR: KR1=RI-DR: GOTO 22270

-

RETURN 2159

Determine e 1t f2ce arnd 2rergy o0eposition whem the ra. eontere
[ Y of = TRIR] SR R

ACe




CRRLLE.EAT Scurce code listing. Fape 2T

DOoTI0 SNI=SINGTIY: CST=CUS(Tl): ANIZ=TANTI): [=5SNGC~-1ANZ#CSG: SSZsr-TaNIe:
22770 IF 982 S GRTO 20090

22740 Y1aX-2ST«CSC: YI=Y-SST#SNG

C2T%0 SIGN=1': IF (XI*CS2) @ THEN SIGN=-1' )

2076 IF ARS(YIY 1E-Q@2 THEN IF (Y[#SN2)-@ THEMN SIGN=-1' ELSE SIGN=1'

22772 RR=SIGN-SOR «l+xI+vley]): IF RR.RT GOTO 22640 ELSE IF RR-R1 30TQ 22<3¢
=2TEo

T2TSQ SMNA=SIN(T4): CE4=C0OS:Td): TANA=TAN(T4): D=SNG-TAN4A#CSG: SS4=(Y-TiaN4xs D
22400 IF S54-S G50TO Z2460

22410 YI=Y-SSdeCSE: Y aY-SSA*ENG

22429 SiIGN=s1 ' IF (x[+2S4) Q THEN SIGN=-1"

22470 IF ARS (XY 1E-QE€ THEN [F (yY[#SN&) @ THEN SIGN=-1' ELEE SIiGN=i"
22440 RR=SIGNSORIX[+iI+¥YI=Y]): IF FRR RI GOTQ 224640 ELSE IF RF Ri
-Z4Sp -

27440 ST=mS1-SOR(S1S0-S2+R1=R 1) ‘
72470 INTENI=INTEN#EXF (-ABCOEFF=* (ST-S7): ABSORF=INTEN=-INTEN! ’
22480 AESO(I%.J%N)=ABRSO(1%,.J%) +AESORF: INTEN=INTEN]

224°Q S=S8T: IF 1W=1 GOTO 22S10Q

22900 SIDEYU=I: I%=1l%-1: RI=l%«DR: R1=RI=DR: GOTO 22700

22€12 SIDEY=i: IF JU= HALLFYZ THEN J%u=JV%+HALFY ELSE J%=sJY“-HALFY

2920 Ta4=)U#DTHETA: TI2=T4~-DTHETA: FT=[%«DR; Ri=R7-DR: GOTO ZZ700@

Ane-m

——

22%4D INTENI=INTENSEXF (-ABRCOEFF# (S52~SY): ARSORF=INTEN-INTEN1
22930 ABSO(IY 3% =aBSQ (1% ,3%) +ABSORF: INTEN=INTEN]
22TeD S=8ESC7: SIDEY=4: IF Jv%=m) THEN J%=sNTHETAY ELSE J%=J%-1
I2%7@ Taal#DTHETA: TI=T4-DTHETA: GOTU 22700
27€80
22502 INTENI=INTEN®#EXF (-AEBCQEFFw»(S8S4-5)); ABSORF=INTEN-INTEN]
22600 ABSO(1%.J%)=Q@BSO(1%,J%) «ARSORF: INTENSINTEN1
22410 S=8S34: SIDE%=I: IF J%u=NTHETAY THEN J%=1 ELSE J%=J%+1
22620 T4=mJ #DTHETA: TI=T4=-0LTHETA: GOTO 22700
2246470
22640 ST=S1+SOR (S1SL-S2+RIsR T,
22650 INTENISINTEN®EXF (-ECOEFF* . S7-5)): ABSORF=INTEN-INTENI1
2660 ABSO(IN(JY%r=ABSD (1% ,J% ) +AESORF: INTEN=INTEN1
22672 SaST: SIDEVwl: (Y=lv+l: Ri=R: RI=R1+DR
2880 IF IYUONR SOTO 74
22&9e -
22700 RETURN 21550
e Y I
22720 ‘Determime eu1t face and enerqgy depositicn when the ray enterz the zel]
22770 ‘through face 4,
22740 .
227%0 SNI2=SINITSY: £82=CNS/T2yr: TANT=TAN ' TZ:: DeSNGF-TAMZ#CSE: SCST= v =TilMZe: o
22759 IF SSC 5 ZUOTC 22670
S2TT0 YXImA-CSlel5G: N I=v~S52«+5SNG
~2780Q SIGN=1': IF ((]«CS27- 0 THEM SIGN=-1'
227°0 IF &RE(XI) (E-Q2 THEMN IF (v[#SNZ) O THEN ESIGN==1' ELSE SIGN=m] -
22800 FR=SIGN#SOR(xI#dl+vIev]:: IF RR-RI GOTO 22870 ELSE IF RR R1 GOT2 II67¢
o810
T7BZQ INTENI=IMTEM#EYF (-ARCOEFT» (887 =S ARSORF=INMTEMN-INTEN]
22830 ABESO(IY, )Y mARG0 (1%, )N +«HSORF: TMTEN=TINTENI
- 22840 S+S372: ZIDEYW=4: IF Ju=1 THEN Ju=NTHETAY% ELSE J%=J%-1
22350 Ta=JueDTHETA: “1=T4-D7HETA: 3070 27010
oI3240Q0




CRADLE . BRS S¢urce cooEe listing.

\ 22870

_ 22880
~28°e
2290
22910
2292
o29%0e
22940
zaoetn
229460
>oeve
pngng4: 17
Luoou
27000
27010
o 74 JAD
2I000
27040
2%
SIRs0
--0709
-Tese
23090
22100
T110
-Ti2e
paged Pud
oT140
2130
27160
oT170
2Ti8e@
7190
-T200
27210

pdpiaind™, |

=TT40

I iatnl A
-

“I260
25270
<2280
27290
et /41U
2510
_IT20
I740
-TTEe
JTT60

- - -y
’

:‘;Bﬁ

poap

el

-Taeon
ZZ410

§T=51+S0R (51S0-S2+RI+RT)

INTENI=[NTEN®*ZEXF (~ABRCOEFF# (S7-51): ARSORF=[NTEM=-INTENL
AESO (1%, %) =ABSN (L%, J%) +ARSORF: INTEN=INTENI

S®57: SIDE%=1: I%=I%+l: Rl=R3: RO=R1+DR

1IF I%.NR% GOTO 2040 ELSE GOTC 23010

STaS1-SRR(SI1SO-ST+R1=R1)

INTENI=INTEN<EXF (~ARCOEFF+(S7-5)): ABSUORF=INTEN-INTEN1
ABRSC 1% JA) mARESDO (1% % +ABSOR=: INTEN=INTEN:

SaST: IF [%=1 GNATI I29:0

SIDE%=T: Iu=Il%-1:; RI=I%sCR: RI=R7-DR: GOTO 22010
SICE%=1: [F J¥=m: HALFY THEN J%=J%+HaALFY ELSE J%usJ%-HALFZ
Ta=1%eDTHETA: TL=T4-0DTHETA: RIT=]%«DF: R1=RT-DR

RETURN 21550

FRINT: FRINT "Ray "t: FRINT USING "###";[11%;: FRINT " has e
LOSSES=_LOSSES+INTEN
RETURN Z1S9@

FRINT I1%,J%.SIDEY, INTEN: FRINT TZ.74,R1,RT,S5: FRETURN

FRINT "RAY DOES NOT INTERSECY THE ROD": STOF
FRINT "ERRDOR": STOF

FOR t¥%=1 TO NR%: FOR LL%=1 TO HALF%

AESO (kF %, LLA) wABSO (V7 LLA) +ABSO(EEV. .NTHETAY+1-LLA)
AESQ (VLU NTHETA%+ 1 -LLA) =ARSO (KEL JLLY%)

MEST LV NEXT KK

DD=DR«DR+DTHETA/Z': FOR kK¥%U=1 TO NRY,
VOL (kb %= (2 %kt %~1) «DD* 12000 '

FOR LL%=1 TO NSECTY: FOR MMY%=] TO 7
ABSOD (b b7 LLYZ) =AESD (bt % LL%) «ABSO (b} % ,LL%+2«NSECT N #MMY)
NEXZT MM%: ABRSORFPTaAERSORFT+ABSO(HE S LU
AESO 1+ L% LLY) mABSO (H %, LLY%) Z/VOL (450
NEXT LL%: NMEXT KEY

FPRINT: FRINT: LFRINT: LFRINT

Fore B%=1 TO NR%: FOR Q%=1 TO NSECTS
FRTNT USING “"#e#, #88 “; AQESQ (FY%,0%
CERINT USING “wug, #a3g . SESQOFL .0
MELT N NEXT FY

ABRSFRAC=100"' »AEKSORF T/RADINF

LOSSFRAI=10Q ' #.OSSES/RAD I MF
FROHY: FRINT: LFRINT: LFFINT
FRINT “"Apecrbed ereraw ¢ "t FEINT IISING “#ee, daun_ 7" ARSFE
LFFINTY "Absorbted aneray Tir LFRINT USING "#es, ses Ui AERS
FRINT "Losses ........ : "1: FRINT LUSING “##6 ###t " _)133F
_FFINT "Loeses ........ : "ir LFRINT USINC "ses sds L O




_RADLE. EAS Source code listing. Fane Z%

o420
7420
2Taa0
2T4%6
27460
2T470
-7480
27490
et A
2TT10
ez
27870
ZT%4r
2750
aded A"
27861
2Tse2
.."

27863

961
-1
0

-
797

24000
-4010
24Q2¢
24070
24040
24040
24061
24062
24080
240902

-a110
24130
-41%0
-41460
24170
~di80
241190
Y]
a7

LaTEEG
24250
24700
2410
24720
24770
47740
~47T40
24770
calE0
24790
24400

WAVEL:=CINT 'WAVEL) : AF=STRI (WAVELX): EBEF=LEFTE(AF,4): AF=RIGRII (EX,T)
FILESIeDRIVES+FATHE+TOTAES+AF+", " e2::0 T8
OFEN FILESE FOR QUTFUT AS 1

PRINT #1, WAVEL ,ABCOEFF

FOF F%=1 TC NR%: FOR Q=1 TOQ NSECTY
FRINT #1. AESODI(FY%,0%)

NEXT Q%: PRINT #t,: NEXT F%

FRINT #1 ,ARSFIKAC,LOSSFRAC

CLOSE w1
LERINT: LFRINT: LFRINT "FILE NAME: " FILESS: LFRINT CRR¥ (1D

aksintevi: 1§ aF=s"" then 27S¢1 else 14 a¥=chr¥(Z7) then 27562
NEXT RRUN%:goto 2570

print "Do you wish to stop calculations of spectral absorption permanent]

afsinkeyEsif as="" themn 27567 else gosub 1102011 f as="Y" then ZT7S&4 eless
messagef="Calculation of spectral absorption has been discontinuegd’:qQots

messagef="Talculation o Spectral absorption complete":goto 20
‘Rav tracing proqram for the calculation of the energy deposition
‘defsity 11 & cvlimdrical rod .when pumped by eight linear arrays
‘0¢ lamer diodes arrangad around the reod 10 2 symm24%rical
‘configur ation.

cLS

titlef="Cradle":Tf="Total Absorption":gosub 27000

GOSUE 161Q00:1F SFCLINESYZ/Z=INT(SFCLINESY/2) THEN GOTO Z70640Q

LOCATE 14,1:call clreol:COLOR 2,Q:attr%sZ:FRINT "Snter Title "“::MODEN=0:F!
G%=673GOSUE 10T2Q: TITLES=IFT

REDIM ARSO(23.1® ., SUM(20.,1C), SuMM(2,20.10), FIFRST(2Q,1@), LAST(Z0,1D
‘DIM AESORF (), LOSS(2). VOL(ZO,, [NTABSORF(Z0)., ABSDENS (ZQ

NR%=2Q: NSECT%=10: NTHETA%=]&6#NSECT%: HWHM=10Q'

SIGMA=Z'#S15+S1G: SIGMA=1'/SIGMA

F137,13106026575257914

DR=RROD/INRY: DTHETRx2'+F ]/ NTHETAY

"CLEAR ALL VARIABLES

FOR FYs=i TO NR%: FOR Ou=] TO NSECTY

TARSC PN, M =@ s SUMKL, 0% =@ SUMML L FY TN =0 SUMM L RN DN s
FIRST(FY, 2% =9 : LAST(F%. 0% =0° '

TNEXT 0% VOL(Fr 20': [MTAESORF (F%) =20 : ~BSDENS (FIH Q' NEXT FU

‘WeQ': AESORF(1)=@': ARSORF2Y=@': LOSS:1)=Q': LOSS(I)=0!'
"INTAEBSORFT [ON=0

PRINT: FEINT: LFRINT: LFERINT
FRINYT" Dete: ";DATES:" TIME: "“:TIMEZ
LFRINT Date; ":DATES:" TIME: ":TIMES

FRINT: FRINT
LFRINY : LFFINT: LFRINT: LFRINT TITLES: _FFINT: LFRINT: CE&I0T




CRADLE. BAS Snurce code ligting.,

23410

LFRINT "Centar wavelength ...eecoaase $ "1 LFRINT USING “#sia-

AM: LFRINT "mnamometere"

2447¢@

LERINT "CStandard deviatlon ....eeceea ¢ "1 LFRINT USING "#ad.

LFRINT “nanometers”

24470
B, N
2a3aQ
-244%0
=460
4470
~+480
234390
22500
Z4T10Q
245202
24%TQ
245439
S4%T0
24%60
23%70
2458¢
c4see
244600
244610
24420
4470
24440
24650
«4660
244670
~4680
24450
-4700
24712
24720
47%Q
~47aQ
-47%TQ
24760
<4779
4732
c47°0Q
-480Q
4=
S4A370
248670
2484¢@
-48sn
g 3= 7Y
24e70
~Aarf
are(
casoy
_dsays
cas e

HWHM=1, 124S1C: LFRINT "Half width at half maimum .. @ Y32 LFF
"tHWHM: : LFRINT "nanmometers"
LFRINT: LFRINT: LFRINT

CLaMBDa=_LAMEDA (1) =L AMEDAD: DLS=DLAMEDA+LLAMEDA
WAVEL =L.AMED= « 1)

WAVELU=CINT (WAVEL) : AF=STRI(WAVELY): BF=LEFTI(Af 4): AF=RIGHTYS
FFILESf=DRIVES+FATHF+TOTARI+AE+"  "+EXTTY
QFEN FFILESE FOR INFUT A% 1

INFUT #1, WAVEL,ABCOEFF

FOR F%=1 TO NR7: FOR D%=1 TO NSECTY
INFUT #1, AESO(F%,0%)

NEXT Q%: NEXT FPY%

INFUT #1,ABRSFRAC,LOSSFRAC '

CLOSE #)
FRINT “FROCESSING DATA FILE # “i: FRINT USING "#te";i

WEIGHT=EYF (=SIGMA*DLS) : WaW+WEIGHT
FRINT WAVEL ,DLAMEBDA,WEIGSHT

FOR FY%=1 TO NR%: FOR O%=)1 TO NSECT%
FIRST (F%,0%) =WEIGHT#ARS0 (F% ,0%)
NEXT C%: NEXT F¥%

AFIRST=WE IGHT»ARSFRAC
LFIRSTaWEIGHT#LOSSFRAC

ILASTY= (SFCLINES%~1) /2
FOR 1%=1 TO ILASTY

FOF J%={ TO Z:IRUN%=2¢1%-(2=-3%0

DLAMEDA=_AMEDA ( [RUINY) ~LAMEDAD: DLLS=DLAMEDAsDLAMEDA
WAVEL sLAMEBDA ( TRUNT

WAVELU=CINT (WAVEL ' : QF=STRI(WAVELY,): Ef=| EFTf(Af . 4': AfmRIZHTY
FRILESS=DRIVEI+FATHF+TOTARE~AT+", "+Ex TS
OFEM FFILEST €Ok IMPUT &S

(MFUT et WAVEL  ARLCOEFF

FOR F* =1 TC HAY: FNR Q%=1 TN M3ECT'.
TNFUT My, SF=00Fy,, 0%)

MEXT % MNEST FY

SMRUT M QESERALC , LTCEF RO




JRADLE.,ERAS Snurce code listinag, Faow =7

24°97C CLOSE #1
Z39ED> ERINT "FRQOCESSING DATA FILE # ":: ERINT UCING "ss#"; [RUNY

24°97Q WEIGHT=EXF (=S IGMA#DLS) : WsSW+WEIGHT
23980 PRINT WAVEL ,DLAMEDA,WEIGHT

TSO1Q SUMMJNFL,0%) mSUMM (J%, P, 0% +WE IGHT»AES0 (F% . 0% )
SEAE NEXT O NEXT FY%

L3R ARSORF (1) =AEQORF (1% +WE IGHT«AEGFRAC
SSREQ LSS I = LASS I +UWEIGHT # LQSSFRAL

TS0T@ NEXY Jv: NEXT I

2120 DLAMEDA=L AMEDA (gpclinee’ ' ~_AamMEDAR: DLE=DLAMEDA*DLAMEDA
2%1:0 WAVEL=LAMRDA(spciines™)

ZT1T0 WAVELY%U=CINT (WAVEL): AS=STFRI(WAVEL'Y) : ERI=EFTS (AL ,4);: AF=RIGHTI(EF, 7"
2S19Q0 FFILESE=DRIVES+FATHS+TOTARE+AT+" "+EY(TTE
2S1SQ2 OPEN FFILESY FOR INFUT AS 1

28173 INFUT #1. WAVEL ,AECOEFF

2S18@ FOR FY=1 7O NRY: FOR D%=; TN NSECTY
23190 INFUT #l1. ABRED(F.0W

JTT0Q NEYT @QY: NEXT FY

2S21@ INFUT #1 AESFRAC,LOSSFRAC

Pttt LOSE #1 ~

—tem
Tl FEINT “FROCECSSING DATA FILE & “:;: FRINT JSING “"sss":;zr-])nes’
28250

2E2TR WEIGHT=EXR (=SIGMA«DLS) ; W=W+WEIGHT
2229Q FRINT WAVEL .DLAMEDRA (WEIGHT

22300 FOF FYsl TO NRW: FOR Q%=1 TO NEECTY
TTTIS LAST IR, 0N SME I ZATSARSD (R T

2STIQ NEYT 0%: NEYT P

2TTAN QLAST=WE IGHT«ARSFRAC
TETER LLACT=WE  SHT - CSSFRAC

CETRO WW=ET! sw
TETOR FOR FY=1 TC NRY: FOR S%=t T2 meenTo
2SAQR SUM(FYL DTS D eSUMML FY L, TN e o SUMM DR, T =FIRST (FY% D% +LAST .

22410 NE*T 0%: NEXT &%

”
<

7472
SEATr ARGARET)MNS . T sQRGRRF (11 +11 «LECORE -~ «aF TES T4, aST) i
2E420 LACTEZ= T 40T e e 00 U R TR T AT Ll

- ~ QTN

2S3ALY CRIMT: RO ITMT
JEATY TR fhst TD OMES: EODT Tt =t ToosEEST




CrHaDLE., BN Sorrce 22d2 ligting.

224 FRINT USING "wsg, #des " GQUMFS 0%

TEQSH LFRINT USING “ags . s#es C Mmool 00,

DETOA NEXT 0 NEXT FU

TTEIR

2SR FRINT: FRINT: LERINT: LeRINT: LERINT: LFRINT

-t

2STTO FRINT "Taral absarption ...... @ "33 FRINT UZTNG "des, ses_

cECAn LFRINT "Tatal abecrDtion «..... @ "i1: LFRINT LISING “S##, s

ON

2=TES@ FRINT "Toral J1CSE8% civiieaass 3 TIFRINT LSING “w##, nus  °

2E=a@ LFRINT "Tatal losses .......... : “i: LPFINT USING “##48, sss_
) -

2EEQR FEILECI=DRIVES+FATHE+"ARS0, "+EXTTE FFILECSS="&: ARSO, FEM"
cc®op QFEr FRILESF FOFR JU'TRFUT AS 1

TS60R

c®LIQ FSINT 8 . W.RROD

TT4A20 FOR FU=1 TO NRY: FOR O%=)] TD NSEITY
NeTR FRINT #1, SUM/FUL 0%

- %4630 NEYT O%: PRINT #1,: NEYT F
ZEASD FRINT #: AESOFFTION,LOSSES
2TREQ
TEL7Q CLOSE #)
2=:6R0C
2€LSQ LFRINT: LFRINT: LFRINT:; LFRINT "FILE NAME: " FFILESS: LFRINT
JETen
25710
2ETTD FRINTY FRINT: LFRINT: LFRINT
2ETTIO FRINTY Date: ":DATESf: " TIME: “:.IPE!
28740 LFFRINT" Date: ":DATESf:" TIME:; :TIMES

2570 FRINT: FRINT
2E760 LFRINT ¢ LFRINT: LFRINY: LFRINT TITLES: LFRINT° LFRINT: LRI
L8770 LFRINT “"Center wavelength ...sevesses ¢ "33 LFRINT USING -"#r
AQ:: LFRINT "mamnometare"
29720 LFRINT "Standard Ceviatlon . ...eeaess
LFRINT "mnanametarc®
26792 LFEINT "malt widitn at half ma:1mum
1 LPRINT "manometercs”
2C2B0 LERINT "Fom J12Mmeter .. ieriertnasanes "
LFRIMT "zentimeter-s™
s20 L‘::IN" CERYNT: LERINT
258 Q
JSeTe
2ERAN
“EQTO DD=DReDR-DTHETA,/ "
DELLM FOR FB=t TIDOMEY: VALLIEYis (T eE -1, +T LoD
SSE70 FOS Du=1 TO NSEZITT
J28BQ ARCDENS  F7 =ARCDEMG (= 4 SIIM O 0
LT MENT 0 INTOPCSORF (F°, = INTARSORFTIOMN+UQL (FY . «tAESDENS (FY%
SE9RQ INTARIOFRFT QM= [INTARSORF (FY) 1 APSTCENS /S =ARSLENS (F) /NSECTY
ISR ML R

LFRINT JSING “sw

LFRINT USING "8

s0
.

LFRINT USING “ute

E;.:—'\n
CESTM
TERaAQ R £t -t T mE,
- 29900 INVARCNEF B STHNTARCORF &% [NTARTOFF - Q)
€LY NMEIT FU
TERTO




CFADLE. RAS Source coue listinQ. Tapne 2C

2€5989
2€eQ@® FRINT: F&INT
SLOP0 FOR FY%sl T3 NR%: s=F%-,S: FsFY

245Q10 FRINT TaE 1@):: FRINT USING "ske ssh X
DERDD FRINT TAR2%):: ORINT USING "###, 8#8 i AESDENS (P g
2670 FRINT TAR(S::: FRINT LISING “#es sse “:F
TaQ3Q BRINT "TAR (&S SRINT USIMG a4, saun |

26Q%Q LFRINT TAR(IM :: LFRINT LSING "H#e4, #ag
Des® LRFRINT TaM (2% 1 LFEINT UGING "sht, wug o
2207Q LFRINT Tag (SR LERINT LUSTING "#He, s8s ~
TRERE LARINT Tab eTir: LRRINY USING “#n ssse
249 NEYT B

T&10e

S.110 FRINT: FRINT: LSRIMT: LFRINT; LFRINT: LERINT

25120 FRINT “Total 3apsorpe1on ..., 300 "3t FRINT USING "##4, 8er (" 3ECFFTION
T&1T@ LFRINT "Taral abserprtion ...... ¢t i LFRINT USING “was, #ge (" ApTORe 7]

ON
24140 FRINT "To%2] losges (... vens @ :FRINT USING “dee wes_ " (CSEET
26150 LFRINT "Total 10S%23 .ieeuve.es ¢ "1t LFRINT USING “"ese, aga 0L 2258 c
261460
Jel70
Te180
o190 FFILESTI=DRIVEL+FATHE+"INTAES, "<EXTT.Y "FFILESEFs“A: INTAERS, FRN"
22700 NFEN FEILEZF FOR CQUTFLT S

. oe21@
TAHDTQ FRINT 81 W, ERCD
2&lTQ FOR FY%=1 TO rRY
2674Q XmFY-,S: F=FfY:; FRINT #!, x AKRSDENS(F%L:, &, INTAERSORF (R
262%0@ NEYT F*
T6H26Q FRINT #1 AESDRFTION,LQOSSES
25270
6280 CLOSE »:
~e29Q
6T LAFRINT: LEFRINT: _FRIMNT: _LERINT “FILE NAME: ° FFILESY; LERINT CHRi‘:Z
~5710
T&T20 messager="Talcualtizon o4 «otal apsorption completed”:qgota ZI0
-72@eQ - .
27 't Title Caleculatieons Screen !
27e0c )
ZTEMQ COLCE T,0:LLS:aterv=Qdsas=riclerianTlirt=alitioosub 904 TSI QDA 20 =l e
af +lsag=" "ed3avfigoeut [S1=1=F
TTQIC tiI="Specrral Absorntion:RU=RO-LENITI) :attr =95 af=Tr:gosun 9994
ITQTE afaerr i af (0,194t el a2t h =2l ansnn O90s
’-‘VFHC'ﬁ ’E‘-'.'——
il QB
27041 1Bwine 27r3r meszFaqne gSue S0 even number o+ sdC s
TTQEZ
ATATO mezsager=tVYou Mmaen ro Rave An Ado Aumher af epactrum data payre o --t - D00
Tieon o \
Tiem dinmgoe Dyzplay w0y nee
TiRTD —_—
Teoen SO LT AT - T W TNTHY OMD WHE TR,

- TR MWTDTRES =Y DT . Y T R e Wt o B - S T R D S

TAIDTO S JGE T S dE TSR T

TR NUMWIRDOLIT N ENUME (DD .




CRADLE ., HAS Snurme cone ligtinQ.

z1eeQ
712
Tivie
-11zo

-y ~E

- -

124
T1170
Z1140Q
T11E0
T1160
T117Q
1180
1198
T1iee
Ti70e
Titos
1210

-y -y
-1.—‘

10

-y -
e A -

T1Z70Q
124
T12%0
T1TTEs
Tios
T1°T0
~1280
Ti2e0
1700
e+t

T1710
~1720
T1770
Ti7aQ
T174as

-y -
PER T

TiTa0
TeTTO
Tizee
<17ep
T17esS
“apn
T1ar
Siaee

- ma
Vo

“1¢7R
TraTo
TraTte
147~
TiaTT
Toadan
“raa“
DR St
"ALN
R It

Ty AR

)

WINDQW: L (NUMWINDCWS™ YL
WINROURY ONUOME TNDOWSY, = T

1}

WIMNEQWL CNLMW TNDOWS = WRIDTHY,

WINDOWHY, (NUMW TNDOWS ) = WHE TISHT™,

ATTRIBUTE S (NLIMW ITNDOWS ) = ATTRY,

W aNLMW ITNDQWE ¢

GOSLIK T1I13@ ‘Save tent within w
GOSUR 1480 ‘Draw the window

FETLIRN

r

; Save TEYT 1m window at (v of WWIDTHY ama WHEIGKRTY,

DEF CEG=Q:FRGEY=FEE} (1122) :FAGE,QFFSETY =FAGE . +340%&: DEF SER

FOR 1Y = ¥ TO YU+WHEIGHTY -1
SE(NIIMUINEG Y= "
ADDRESSU=FAGE,. OFFSETY+ ( (IY%=1)a 160+ (XY ~]) #2}

-
4

EN T als

FOR IX) = 1 TO WWIDTRYL ‘Copy™ each char., =-
SENUMLINES ) =S8 (NUMLINESY) +CHF f (FEE (ADDRESSY%: » +CHR I (FEE

ADDRESSY=ADDRESSY+2
NE«T Tx%
NLIML INESY,=NUML INES Y +1
NET 1VvY
DEF SEG
RETURN

! Remove window

e p— |
X% = WINDOWX . (NUMWINDOWEY) ‘et (X.¥Y) ¢
Yoo = WINDOWY® (NUMWTNDQWS . - 0f window ¢

WL I DTHY.sWINDOWWY, ( NUMW TNDOWSE®, wlngow '
WHE IGHT =W INDQWH®", (NUMB INCOWS . wingow '’
HUML TMEOWSY=NUMWINDOWE®, - §
Wi =NUMWINDOWEY,

S wiAdsk
s he)yaor=

ra2:N0we NNe WINCTw

GReLs T1{7TR0 recstare “he te-:-
AeTLRN
“ Fastore teut |
L J—
1 DEF IEG=0H7

DEF SEG=Q:FAGEY=FEE} ‘1122 :FAGE. QFFSETL=FAGEY #4094
FOS Iv% = v + WHEIGHT', - | T0 Vv STEF - 3
MUMITHEZY = UM TNT T -

LOTRFET. o FPORFLOEFSE Y+ i1 et et aM e cr ot et
TR T = T2 GWWITTHY eI DTEE T
Fh: € LDDREZCY,,ASC iMINS (SF AMUMLINES ) , TX%
POV T ANDRESSL+ | (ASTIMINEISTiMNUM_INESY) . T (s (15
SOTRESRY = ALDREGTT +0
NET T

MEY T 1o

AERE T

&E TR,

TR UMD a0, Uy o f WKTIDTSS, 2na LRITTRRETT




CRLDLE. BAL N Tttt s N A FERR B B8 8 W2 PRIN Fane

SUAY LUEY L A=Y TEMFE=QL  ATTR Y =ATTR ITRUTEY (WY

TAEMNY AIcCHRE S (T T e STRIHRE (WWILTHY =T 2O «THRF (1R ROSUE 999
T FOR Tt EvViel T vl e WSS TR T - T

;\éTC =TV

e AF=CHRZ 7S . +SFACE S (WM IDTH L -T) +MHRS 175, s GOSUE 9996
TIS4Q NEWT Vi

TAITEDN RYUSYUSWHFE TGAHTY, =12

TUSA0 AFRTHRE 1T «STRINGT (WWIDTHY =2, 20T +CHRE 1190, : GNEUR 9904
TIST0 Af=TEMFL:RCTURN

TEon . \
TiEQA . WRITEL TEYYT 1Y st ~ejanive %, Y withRim wilndow W |

'
a0
TN o)

. )
R mna D

TEMFE=AX: 1€ LEN(TI (JINCOWWY (WY =2 =r%+1 THE'! ST ZEY= (W INDOWEY vwl -
CIIEYN=LEN TI. «}
BUsw [NDOWy " (B Y s AT S INDGLY (W + 7 L AT TR =ATTR T RUUTE S (WY

e L TR PR I RPN o BT
Q
'Y

() 20 Y SR S Al

o m

SN LI o

Tis AF=LESTL Tr SI2E :AC3UE 759 truncate the *e
= AT TEMF T RETIG V¢ s o
~1es2 .

Tlsad 1 GOTOXTL (W, kY

M

LOCATE w* + WINDOWNY® (WY Y% = WINDOUYI (W) ROED A, Y, wiTmhg~
SETLRN ‘the winoow

[ By B BRI

1 CENTEFR TEXT 1A w11 00w (WZ) ac Y-

- )
CENTERY. = INT/ (AIMNDOW (W) =2y =LEN /TS /2

TI=STRINGEY FEMNTZR T2 +Tr

1=y GRIUE T14600: FETURN

"I CHENTERE window and opans :t WHETGHTY * WWITTHY :
1 J
%% = TNTAQ0-«WWIDTHY%+Z "2l 0 =0 then Us|

14 - 4 8@ trner a=anm -

YR INTOIZ - WHETARTYZ«T) 7T 1 ¢ il =@ ther viE]

14 % 2% mmer U=7€

FOSUR 71078

i Title 1)ne wWritag 3 titie 2 the conter o+ thE w)ray

TEMEE®S X X, = WIHDDWXY e IMT O I n T W i~ N TE: - D
B/ NDOMY ., Wi s = e =T ATTE S 2 TIRTIT T (W « BOTLFE Q76

AE=TEMP IR TURL

| Clears the cur-em* lime . of £m2 wt~cow

T2RST J
TTOAR TEI=QTRIMIE CWINIMIL L, W =T T a0l TIESQ T T TRN

4 QO C - -

-

-1 -
a e
3 .

LEsta BN | —— FErrr brarc 3r s A —
AP L — N - -
ATATR 54 ornttl s e ol B b Riafht: 1 - S E=

AGLP —

anp=o Cosmmt  mmm T - .- . @ =

acpoe ————— — e e e e

I Ealalnics ¢ mEr T s . I .. - 3 -




CEANLT, BAS

A

I

nurce code 1LTtinn,

2OATA IF ERR=IT AND ERL=SQITL THEN RESUIME NEXT £1TE 20091

A0 14 arrr=ST and er ) =S 6L then 4AQ10C =21cs 40140

ANDTE e

AQ12Q SOFLIE TiTaQ:ar="No Fiiee =viiiable ¢oi loadirma 15 girectory
A0 TO 20SLE 4SOSQ: GUSUR A4S@OU: FESUME 401140 " —— REture
4014Q RASUR S1SaQ: AFCHIVOI="NUILL " :RETLRMN

AM1AD W —— Thie ma 't arrgr oOnly ocourgs when actualy READING 2 $11-

AQ141 IF ERR=ST THEN Af="File not found \rn orive "+FF ELSE 40180
4017Q GOSUR ASQ=0:ANSIIK 450001 ¢ e’ *ran 0. 7) else ragume

A171 1F ERI =410 OR ERL=41e0 THEN RESUME 4190

Q17T TR ERL =240 OF ERL=3363 THEN FESUME 4390 ELL3T RERF:qafa 4éoS7
AN 7S =====D1z: not rezdv Errar T

2C120 10 ERR=T1 THEM Af="inesrt AdAislette fcr drive "+DRTVEF+" and
onrt ELSF 40200

AQ1S3 BCSUR 4590 50SUE AR : FESUME

4g¢200  ce—--- Nevice Errar 57

ANl TF ERRKR=ST THEN AI=" NEVICE ERROR (Unracoverapie) while "+F'I&F
m drive “+DRIVEF ELSE 4027¢

427100 COSLIE ASQSQ: GOSUE 4SQCQ:FESIIME ZZ22

49220 --——- Digi $ull Error Al
AQTT1 IF ERR=~. THEN AI=" Diet +0ll, pleaze 1neert a mnew 4d:€: 12 A-
" Fracg "Esz t5 abeor+t" ELSE 4QT4Q

4Q7TT GOSUB ATOSO:GNSUER 49000

40770 IF ERL=4T4Q QR ERL=4ATEN then IF ESCY, THEN 3QTC 470900 ELSE RES

AQZ418 ~====Di1s5i wWr-.te protected Errac- T

<@7a1 IF ERR=T0 THEN AI="File W 1te Fraotected, pleace ramove write

a«sr® 3 AL Ji1el 1~ "+DRIVETF ELSE <0720

AT 3T BGOSR ASRASO: GOSUE 4S000: IF ESCY THEN GOTO 47800 ELSE RESUME

L7000  mmm—- Dies medie Error 72 [This shouid ver. rarely 3ccur (Fat

dware nor Media 15 at fault)

AQT31 IF ERF=77 THEM Afrs"Fatal Di<i ™Medra Error -- Flaase
1A drive “+DRTVES ELSE 4072

p]

cE@ret a2

AQTIC ZTCUF QTSR DOSUE 4522 1T ECST TREN 3I0TD 47000 £_ST REZI'ME

aYT2C ¥ ERR=SZ then maezganefs"kac File Number Errcr 1~ j1ne ; ‘+grr

tle o grocee~ ' elsea 42740

SAITO ARSI ASLSY:; SOSLY ASC0R:iclossiresat i RESUME TTO

ANTAN e err=T4F ~non al="Fz2th Nrs foan0 1l Gri1ve ‘edAr)vel+ Floace

mnélguirarion 1 le” ejg2 407.6Q

cpTep Arent AT aneuh ACQQ0:cl nserraceriroenme 170

AATLT 12 ar-=d rRer end glse 4CTTR

SATUE v d err=TRR ther SQTTS elcecs 4ARJE

A0TTE Lr="3L e la mame 3¢ ML 1e Nt permitad, Flaise anrer 2 ng-.
SUTEN avesr e o=t Iasr Erese Urasenr ASOO0

SQATEY - sert fAar RrAarElicasime TR 2ies razume 20SQ7

ST2LCY LNCATE IR F I+ T ViSRRI OSTRING Y -3, TT i fRAT= 30TO S LTT
1Ca ¢ nre s tAaes:igle srecr €RNcald A Nerae

QAARCY crmrracet =t Al b VIO AEE"Taral Errer number Y +STRE(ERR) + ¢
$ITEr OZRL et e TRLILTLE fesssged =aT

SATT sl s 2t Cinrernverabje frrer Uizl Fs Froes zhv b ey, o -
Mo Se o nrec: Ter s vcgten o DS GQGUE ASQOT

wIT3T - sEr’ “mem anm ojee SO RNAF*.=1:GHSUE LI e e Sl ol S Fo




TRADLE . R&S Sourece Toce 1i1stin, . Fars TT

enee -
A0 ' Qpenas thna ERFDRE window ama ~ignl sz Tha meassage. . . :
AR o -— J

SEEID WWIRTRS TS WRE T TIRET ST QLA 1S 1 T ATTRY=TC:S3OJUR 22900

ACQATY TV T I TESERROR . TSRS GATLE TTICSR

DY DNFEE SEQ=(:FCHE SHG L2, FEEL (7mda'T) AND 22T TSET LCURSEOR FEYS ON
1EART NET CER=MV PO T S HAYA FEE (CHAC Y LEF SEG CLEAR THE FEY EROAF L
ISOTY TE=Ar:GDEUER TZ7<SQ:Yu=Yu+l:Ti="Fress an, rFevy or "E€C’ £2 adort correns <2<
1ne’1f lendaly, @ then tiaall

3ASQTL ROSLUE TZTSY:alsf="":1f¥ prnt’, then lorint ag
JE0AQ BA0SLE L1050 1T Ag=t THEN 4T0e-) ELCE I AX=CHRFZT THE TSon=1 TLIZ LUTN=

rd4

<€CA GOEUE TITTGIFETURN

4Z0%: | Se2t Err2r,.TYFET

2A50¢d ERRQOR.TYFEF="C Dis+ Error J":RETURN
4Teee .,
370C1 | Esc rey oresceq |
47002 ;
47010 IF ERL=a1T0 CF ERL=241ad THEMN AEEUME 41°Q
ATO2Q IF ERL=ATEM DR ERL=J4Ted THIN RESUME 47T°Q

R0 ] Variablee

SQC2C bemem —
TeOTD  DIMEMTION FROGE (54 '
=240 . DIFL........Li1Nn® where dir frame starts

PPN I DPR.vee.cv...CONtAINS Current row pointer I
CSO06Y | DL ieeveeesCONtalne current <ol poOi1Nnter

SO27Q8 I AR....ves.-FO1NTEe~/Ma: f1lee f0und

20080 " L....eceenn

1
1
For loop te loed B chars dir |

SOQ9Q ! MOCO.ss..... Mode oOFf BET routine uvee

72100 I archivof,...rergrns 118 name or 'NULL  ¢for no choice
€J1iT 7 grotiseci e murrent rotaticn 3¢ progf(drot. !
SRIZC ! d1Fli e, rOW COOrGINAt :
QT L G1f Y. e 0.0l CoOrdinate

TR3Q . drot.nev,.,.ne:t crot -2 bhe

€L . Al ... dummy variable

CENEQ ) offser......0ffce"r

a1Te ' fileact.....file tvpe 1.e. Spectrunm !
SQ12C | e#e4u oL must spes:is, purpocal %o “lLoading’ or "Savine”
Q1% before —allirng *his routine

70

esnl? .

P

PL T

EQTTY L[EF CEGa=Q:FOtE *HaAI™ FEED «°rnild1T b pe €2t cCapelocy or

Q71 CEF CEGmQ:FfFOMME 2HAL1L SEEY - 2ma 7. @AMD I2Z7 "SEY CUREDR FEYS ON

CS@TTT DEF SECL=Q:FM E SHs o REE iemg D (1 DEC SES TLERK THE P EY EBIARL

TALTS i ldofEpurposete + i1 30F+ riles

COTTT Tix="FReagdi~n Lairerseo,- s TiSRAr IR EL]ITaAlrT @ THEN SCRNACT = LT &
ATT =

T@T4ay CsSub L LiaT

COTENY DIFL %=l =2t T lebmiHte o, <t 1 Tlernrg ) ¢ & T

FosZriMET 0

CCUED coloe Uiz ey, 20 < ILE Ll tT e eTTRL B ERLD




CRADLE . BAS Source code listina.

=0 CALL FIND[IRSTF(DIRF.~TTRY,ERCD™,

SPpTAT IF ESCDu=-i AND FURFQSEL="Savirng” then mofilesf="No cther zzle
abla“:nafi1last=l:f1nt=1:1g0oto S044C

“@T«e 11 ercd' ang purpecsef="Lcoading” then error ST

SO2TQ DELF=".":tAN=Q:FCH AR =1 TC 9°

£0280 CALL GETNAMEF (FROGE 'ARY) ,FLEN:

Q290 FROGF (A 2LEFTE (FROGT (AR FLENY) +DEL ¥

S0 14 prats then LFRINT “File Name :":progfrar?,:"” Number :":iar

Q=S8 %=INSTR (FROGS (AR') ,DEL®

S-S FROGE (AFY,) = EFTE /FROGE (ARY) ,AY~-1)
Q700 ERCD%=0Q

SeT10 CALL FINDMEXTF (ERCD
<SQTI0 I ERCD. THEN <720

SCTTO NEXT AR

SOT20 WIDTH 88

SQT5@ OLS:COLOR 7,Q:scrmact¥=T:90
SOTS! bV=mA:cih=0:0%=Q:cal: drvspac
ic%)ecang(d”))+" Bytee free 1"
€OTSC MAJZ=0:MINYL=0:CALL GETDOSV(MAJYL  MINYZ) : DOSEaSTRE(MAJY) +, "+3TRE
Q=0T CHERCHRF (D) :LN%=Q:CALL STRIF (DOSFT,CHE LN :DOSE="{ DO Verszi:z
ST LNZ)Y+" 2"

T0400 -
®=341Q9 ‘| Draw Directory Eor t
P40 L )
=R4=0 FINY%=1nt (AR /8):1IF ar’Z mod 80 then fini=finZ+1

Q471 ‘lprint "Fin = "ifindl

SR4AT" 14 $1n%3Q then f1n%=1:1f prnt¥% then lprint "Fin (after Q@ zhec!
®244Q colOF 7,0:CLS:ater%sl14:p%=DlRL%:a%=1l:af="k":Qosub 99FL:af="1":
9G4

%044 attr’.=78:afagpacef (7B :a=T:gosub 9994

*=04%0 FOR L%=1 TO FINV:ATTRY=14

Q4460 EYUmDIRLY+L%:AU=1:A8a" | "+STRINGF (78,72) +" | "1 GOSUE S99&6:NEYT L%
0470 EY%U=DIRLL+FIN%+1:Af=" " +STRINGSF (78,20 +"4 "

€04T1 bis"l"+satrI(ar)+" File(s, J":mid¥(ar,7,lenibi) ) =pgf

2472 mig¥(af, (79-lenfreet)) laniéreef))=treef:goeun 9994

SO4ABC AF=sFILDOS:G0SUE 1100Q0:E°,=1:50SUk 99%s

®0a%) IF nof1les” THEN ATTR.s7:BWeF INI+DIRLY%:AS=nof1iess: GOSUL [ :QQAL
G0TD S2T8Q

cub 1111Q:DIRS=LEFTF(DIRS LEN(DIRE"
e(drivef D4 .C%,c%) s freef="("+serf(z

QS0 (%sQiFOR LDRYsDIRL™Y+1 TS DIRLW+FINY "from screen row o
2010 FOR DCu=l TQ &% STEF © ‘Displa2vy fi1le names 1n - coiumne
L0TI0 lu=1%+] © G0 to nert row 10 Array

*OTTY IF FROGS (1Y) aSFACES (12 THEM TOS”Q@ ELSE BYsDRY:AY=DCY%

COS4Q ATTFR =T:AQAg=" "+FROGL (1% ;GOSIE 99c¢ Stop when wmrray 1e 8me

TSI NET LT
SR9e NETT DR

b5 bdriPsd

TSR .
QTSI I Sat~. . Control routine !
“g£00 )
TRLIR ATTR =T =2 AL=1:AIaSTRINGT (20,19 :F¥="Filer VYarzion (.2":m
‘M. l®mnipr . =0F: GRS UL SSOL

620 EL=DIFL" Z:AUSLATTRY=1d:A8=" "+ ETRINGT P, 705 "y b F="] [i-sg

LrEet 1"
€4 migi-ar,. T len bt sl finiogd o al TR -lenitans L lentdrelr c=soed: -
SO4TY BU=LIRL -t mii= 1t AR=" | "« 3TRINGI (TR T2+ 11 GISUE S9%9:




CRADLE, GRS Souwrce Zcde li1sting.

1879 DROT.NEW.=DROT -1

108200 1F DFRCT.NEWY {1 THEN DhQT.NFd”'HR.

1090 GOSUR S11TQ:RETURN "gasub clr- cld dret & mart new

100 — -
1119 '} Secroll Drot right i
iG] Y J

v
]

1T NOFILESY. THEN RETURN

170 IF DFOT%=Q THEN DROT%Z=1:DROT.NEW%=1:G0SUE T)%500:G0T0O 29I
DEOQT.NEW=DFRDT%+1

150 IF DROT.NEWY AR THEN DROT.NEWZA=1

150 GISUE S1170:RETURN gosubd clr eld crot & mar:. new

—
[B]
P

— b pe b s b4 g s
—
4

AR (AR N (N (N EALRED (NN ) In ]

i Clear col4d 3Jreot amo mery rew drot |
119 b J
1200 ATTRY=7:qosut S121Q:DROT%=DROT.NEWL:ATTR.=112:Qo5ub S1Z1Q:ret

1210 v i=1nt (DROTH./E): IF DROTY mod B8: 0 tnen yYsy/+1l
S1220 DIRYUsSDIRL%+vY

1270 «U=1nt (DROTY mod 8):1f DROTY. mod 8 = @ then :7%=8
S1TA4Y Girvi= Ye%—s

S12S0 Eu=dir:t:AY=a1ry L AE=Eprogs (DROTY) : GOSUR 9994
T1290 RETURN

1780 r -
S171¢ | Hanlde return

o .

132
$1720 IF DROTY=Q THEN ARCHIVOFsSFILESF:COZCE Ti5<4Q:RETURN

$174Q@ IF FURFQSEf="Saving” THE.. €i1741 ELEE S17%0

1741 T :--wghn.u_ - File on dist will be replacea": T2fe"Save g3ta
og¥ (DROTY ~' . "+etf+""": TTf="" s wheref="t0":GOTO T1760

<1280 Tls-"wARNINE - Loacding & file will replace ":T2F¥="Ccurrent mem
Tf="_poad parameters from 4i1le "+FROGF (DROTA)+" .  "+EXTE+"""swheref="+f
T1T60 ATTRYZ=A7 : WWIDTHY=41 t WHE IGHTY=: X7=19: Y%= : GOSUER ~1000: T¥=" "+
wheref+" J13} ";GOSUER T28T

TITTO (V=1l:VYY=my:TE=T1£:GOSUE T2750

SIT7Y Tr=T2ravi=2:300UF TZ7S0:Ti=TT8: yusT:G0SUE TI27S0

177 GOSUR LLQSQ:IF Aas="" THEN 1772 ELSE GOSWE T.27

Si1TTT 15 ArX="v' THEN ARCHIVOI=FROGS (DRQAT") :G0SUY S1540: RETURN

TiTT2 GRTT QT

€179Q ', HRandle Esc’ |

21419 IF DROTY=Q THEN ARCHIVOS="NULL":GOSUER S1Z403sRETURNM

S1420 LROT,NEWYL=0;00SUER $1170:1b%=DIRLY%-1; a =l afmgpaces TBYiatt~%=1
Afr="Frags 'Ezz %o e:1f withaout "+FUFFOSES:gosut 110U0:g0sub ©%9:i::
o SIE70:CROTZL=2Q:GOTR SETT0

<1420

1443 | Cresate a new t1le

1430 v J
T14459 temor-a: IF CRITY%=0 THEM attr%=":1gosuc S127Q:DRCTu =]

S147@ DFROT.NEWZ=Q:G0CSUK S1170:DRLUTYU=Q:_CCATE DIRLYL+FINY+T,19:1p8=¢t¢e

C:ICL”F TOratrr w7 .0OCURE 1Q220: IF MODOY. THEN S1480Q SLSE 51499
D LOCATE CDIRLU-FIMNY%+T 19 FRINT epacel /R :af=]MNF: IF AfrasCHRI‘ 2"
: T 21420 TLSE HOTS ST

1190 wRTHINVOEI=IFE;22) ] vpcase(arcmivor) iy archivoI="MNIL_ " the~ o~
ST TITAR:ICTITURY




chabLe, BRS Source ceoge l:isting, Fsage T€

SQe40 ATTRY=1S:nf="Use Cursor teyvs "+ HRI(Z24)+" "+CHREI(ZS,+" “"+CHRI (27 - e elpiv?
lsiet Home ¢ €na to point to the gesired file.":gosub 110@0:EN-T:RASURE S35«
S26d1 ATTRY=1S:Af="Frese the ENTER ftev to sellect the hi1gahlighted file, " :30SLE
1Q00Q: B =d; 30SUE 999%

CSPn4Y ATTRYS1S:AE="0r just type 11 & New file name and press the ENTER 1 e.. 1302
Uk 11000:E%=%:GOSUE 99Cs
SR6T( ELADIRL%U:A%U=ZIATTRY=78:ar=" Lrive =-» "+DRIVEF:GOSUE 99%&
S36%1 RLsDIRLLIAYELI&IAS=2" Ext, == ."+EXT$:0608UR 9996
SQLSI BUsDIFLYA:A%=TIiAEs" Fatn —-» "+FATHE: GUSUER 99%¢
TPALC EYNSDIRLY+FINY+T:A%=3:AF="F112 Name --»":GOSUR 999&
SQeel BRU=DIARL%U+F INY%+T:AN=40: AZ="Default Selection --»":G08UE 5504
S0~TQ DROTY%=1:SCRANACT=7:50S!K 13110:607T0 S1420Q
SA=C¢ -
SETee '} Frocess 1nput !
S071e b —
SQ72C SCRNACT%=T:GOSUER 11110:DROT%=0
Q770 AS=INrEYF: IF Ar="" THEN S@7ZQ
0771 14 len(as)=l then Efsryghtr(af,l) else b¥fs"":gorto SG877
SR79Q IF bE=CHRI(TZ) THEN GOSUE SQE60:60TO SO770
€Q680Q@ IF bFsCHRF(8@) THEN GOSUE S@%4Q:G0TC SQ7IQ
SOB10 IF b2=CHRSf(7%) THEN GOSUE Z10I0:G070 <0720
SQEZ0 IF bF=CHRI(77) THEN GOSUE <:1100:G0TO S@720
Q821 IF bI=CHRE!?1) THEN DROT.NEW%=1:G0SUH S117@:G0T0 SB70
SQ8IZ2 IF bE#aCHRI (79 THEN DROT.NEWYW=AR%iGOSUE S1170:G0TO S2770
TOBTE IF be=CHRSF(T1) THEN G0OTO S£0400
@826 goto 20770 .

. S@8I7 IF A¥=CHRI(17) THEN S17.00@ "ELSE ARCHIVOF=FROG¥ (LRCTW
20828 IF AF=CHRF(I7) THEN $1780Q "ELSE ARCHIVOfsFILES
0870 FOR 1%=6S TO 90: 1F As=CHRI(1%) THEN GOTO S1470 ELSE NEXT
0840 FOR 1%=m®7 TO 122:1F As=CHRF (1%) THEN GOTO %1470 ELSE NEXT
TPB41 FOR 1%=48 TO T7:1F Ar=CHRE!I%) THEN GOTO S1470 ELSE NEXT
<08%@ GOTO S@770
208460
S087@ | Secrell Drot up !
0880 . -
0381 IF NOFILESY. THEN RETUFN
S32°@ IF DROT%=C THEN DROTY%=1:DROT,.NEW!=1:50SUEK S1S00:G0T0 S0°7¢
SP°@@ DROT.MNEWYsSDROTY-&
5010 17 DROT.NEWY 1 THEN DROT.NEWY=DRCT%+ ((FINY-17#8) ELSE <oS5I2
<3920 IF DROT.NEW' ARY% TmEN DROT.NEWYaDROT.HMNEWY -8
SQ97TQ GUSUE Z117Q:RETUARN "gosub clr old DROTY % mart new
SeEe4Q . \
st | Scroll Drot down !
TéeL0 '
D%l IF NMOFILES'. THEM RETURN
€0°7@ IF DROT%=0 THEM DRQT%=1:DROT.NEWZ=1:GCSUE S1500:6QTO S©570
20980 DROT.NEW/=DROT . +E
SQ990 IF DROT.NEWY AR then DROT.NEW%A=DROTY mod 8:1F DROT.NEWY%=Q THE!, TR,V E

Y=g
S1067Q GOSUE S117Q:RETIIRN ‘gosub z1lr old orot & marl new

TLIOTE e -
<1040 - Ccrgoll Drot e+t
1050  —

A -z
-\l B

i@ IF DRCT

YOTHEN T

O THAEM TROT4=1:LROT.NEW.=]: 60Uk S18Q0: 6L & €397




CRADLE ., BAS Source code i1sting. Fagce 7

S1S13 I Change escape status ! .

S1E20 o J

S1S20 bBW=DIRL%-1:a%=D:ottr¥=12;ad=spacef (76) 1qosub 999¢:Af="Fress F=: reo retur
N Lo detault selection”igosub 110Q0B:qo0sub Y996t attrii=7igosub S1S7Q:RETURN

1842 ~ -

<1241 | GET CORFRECT SCREEN TO RETUFRI! TO !

S1E32 )

1520 IF EDITACTX: @ THEM SCRNACT%=4 ELSE SCRNACTYU=1
S1550 COSUR 11113:RETURN

oy ‘1

resets Jetault fi1le to color attri

LK ]

- d
C1S72 4
<4

- A

.
CEC D%=DIRLU+FINY“+Tal=4T: af=FILES: gosub F996:RETURN




Appendix B

Floppy Disk of CRADLE Code

This appendix contains the floppy disk and user instruccions
of the CRADLE code.

CRADLE is a menu driven code with editing capability for the
calculation of pump flux distribution and absorption
efficiency of a linear laser diode array pumped solid state
laser.

CRADLE (Computation of Rod Absorption of Diode Lagser Radiation)

is a computer code written in the IBM PC advance BASIC language.

To use this program it is necessary to have at least the

following system:

- An IBM PC, PC XT, PC AT, or compatible that runs IBM BASIC
Compiler.

- An 8087 math coprocessor chip installed in the motherboard.

- Two floppy disk drives, or one hard disk and one floppy disk

drive. IF the system has a large memory, and sofctware for an

electronic disk, it may also be useful to use the electronic

disk. 1If the user decides for this configuration, the

configuration file and the batch file provide in the diskette

named CRADLE will have to he modified to include the appropriate

commands .

- Enough free disk storage space to accommodate a few

intermediate files created by the software (about one kilobyte).

- A color/graphics adapter installed in the system.

- A color monitor.

- PC-DOS 2.00, 2.10, or 3.00

- The IBM BASIC Compiler, version 2.00 (not the Microsoft BASIC

Compiler nor MicroWay's 87BASIC Compiler).

- The MicroWay's 87BASIC Compiler, version 4.02 or later.




Two diskettes are attached to this report. One named CRA!
contains executable CRADLE files, a batch file, a configu:
file, and a binary file for the screen presentation of a
figure containing the definition of several parameters.
other, named YSG.TAD, contains a parameter file and a spe:
file for easy start-up. The batch file has been configur
for a!system with two floppy disk drives. To use CRADLE,
the user will have to secup its own CRADLE diskette. Thi.
should include at least the files contained in the disket
named CRADLE as delivered plus COMMAND. COM, BASRUN.EXE,
and 87BRUN.EXE. The diskette CRADLE should be installed
in drive A, and the diskette YAG.TAD in drive B. To run
CRADLE simply enter CDL from DOS.

B2




