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Transition-Meftal
Soliclmeafe Losers

Objectives

» To summarize the sequence of historical events leading to the development of the
transition-metal solid-state laser. .
+ To summarize commercial applications for transmommeial solid-state lasers,

o To compare and contrast the energy band structure and major laser properties ferg;
the primary commercial solid-state laser materials (ruby, alexandrite, Tz sapphxrs,
Nd.YAG).

o To describe the design of ting laser cavities.

¢ To compare and contrast ring laser cavities with linear cavities.
o To describe the importance of birefringent filters.
+ To compute’ the intensity transmittance for a birefringent filter.

¢ Todescribe the construcnon of a commercial laser pumped continuous wave Tt sapphue
Y laser - :
s To describe. the design principles underlying femtosecond pulse laser design. This
would include such issues as group velocity dispersion (GVD), self-phase modula-
; tion (SPM), femtosecond pulse temporal measurement, -colliding pulse mode-locking
'''''''''' (CPM), grating pulse compression, solitons, and Kerf-lens mode-locking (KLM),
o To describe the construction of a commercial ulirashort pulse Tizsapphire laser.

344 -
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The history of transition-metal solid-state tunable lasers is exceptionally fascinating. For
the HeNe, argon-ion and NAYAG lasers (even the diode pumped NEYAG lasers) the
majority of the laser science was in place by the mid-1960s and commercial development
proceeded rapidly after that. Transition-metal tunable solid-state lasers are guite different.
Transition-metal tunable solid-state lasers are barely meutmnad 11 review papers on tunable
laser technology as recently as 1982.1

Tiisapphire lasers {the current stars of the solid-state mnabie taser market) were discov-
ered by Moulton in 19822 However, early results with Tissapphire were not promising dug
to difficulties with material growth.® It was ouly after the materials problems were solved
that the true potential of the Tisapphire laser was realized. As a consequence, much of
the laser development (including the remarkable self~mode-locking properties of Tisapphire
disenssed in Section 11.5) has vcewrred refatively recently.

The transitionmetal solid-state tunable lasers use metals in the fourth row of the
periodic table as the active fons. The transition-metals have a partially filled 3d shell, and
the various ohserved hansitons occur near this shell. 34 electrong interact more strongly
with the erystal field than the 41 electrons in conventional solid-state lasers such as Nd:YAG,
This can produce transitions that involve phonons as well as photons (often ealled vibronic
or phonon-terminated transitions). Such transitions are rather peculiar, as they can create
four-level laser behavior between two level transitions. A schematie of a vibronic transition
i§ ilusteated in Figure 11,1

In a vibronic transition an optical photon is used to make the wansition from the g ground
state to the pump state. Then the electron decays to the upper laser state by releasing a
phonon (an acoustical quanta similar to a photon). The laser action oceurs between the upper
and lower laser states. The lower laser state then decays to the ground state by releasing

YB. D, Cuenther and R, G, Buser, ILEE kA anilaqum Etectron. QB-18:1179 (1982).

2p, B, Moulton, Solid Siate Research Report, DTIC AD-AT24305/4 (1982:3) (Lexington: MIT Lineoln Lab,,
1982), pp. 1521

*P. Lacovara and L. Bsterowite, IEEE J. of Quumitim Elevtron. QB-21:1614 {19853
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another phonon. Thus, four-state laser behavior is obtained from a system that is effectively
two-state. More importantly, since a wide variety of phonon transitions are possible, the
upper and lower laser states consist of large manifolds of states. Therefore, highly tunable
laser action is possible.

The first vibronic laser was reported by Johnson et al: at Bell Laboratories in 1963.%
It was a divalent transition-metal Iaser using Ni*¥ in MgF,. It stimulated some early work
by MecCumber in the theory of vibronic lasers.” However, it was cryogenically cooled and
did not excite much commercial interest.

Furthet efforts by Johnson and his colleagues during the mid to late 1960s resulted in.
several more cxyégenicaily cooled divalent transition-metal lasers, These included Co** in
- MgPy and V¥ in MgFs.® g

A major advancement ocourred in 1976 when Morris zmd Chne observed that alexan-
drite (BeALOQ:Cr* or chromium doped chrysoberyl, tunable from 700 nm to 818 nm)
would. lase on a vibronic transition. Walling et al. confirmed these results and demonstrated
Q-switching behavior.® Alexandrite was particularly interesting at the time of its discov-
“.ery because it lased at room temperature and increased in output power as the temperature
increased.”

The successful use of Cr in a beryl crystal fed to several other interesting v;bmmc
tasérs. In patticolar, in 1982 Shand and Walling,'® and independently Buchert et al.,}
showed that emerald (Bea AL (Si0:):Cr3*, another type of chromivm-doped chrysoberyt and
tunable from roughly 700 nm to 800 am) would lase as 4 vibronic laser at room tempoeraturg,
Chromium was alse found to generate v:brom{: laser performance in gadofinium scandium
gallinm garnet (GSGG).2 .

. These encouraging results in Lhmmmm-daped materials led to a rebirth in twnable
solid-state laser research. Ti:sapphire (the crown jewel of modern tunable solid-state lasers)

#.. E. Tohuson, R E, 'D'tir:tz and H. 1. CGuggenheim, Phys. Rev, Left, 11:318 (1963).

0.8 McCunber, Phos Bev, 1344299 (19643 D, B McComber, . Marh, Phys 5:508 11964) am:i D.E.
MeCumber, Plys. Rev. 136:AD54 (1964)

SL. R Yohnson, R. B Dletz, and ¥, 1 Guggenbeby, Appl. Phys. Lett, 321 (1’9154); 1. F. Johosen and HIL
Guggentiein, 7. Appl. Phyve. 384837 (19675 L. E Johnson and B 1. Guggenheim, /. Appl. Phys. 384837 (1967)
snd L. F. Jobnson, H. § Guggenbeim and R &, Thons, Phys, Rev. 149:179 (1966).

TR, C. Morris apd, . B, Cline, *Chromivm-Doged Be;yii’mm Alnminate Lasers™ U.S. Patent #3,997.853,
Dee. 14, 1976, .

#1. ¢ Walling, H. B Jesssen, R, €. Moris, B. W, O‘Deﬂ and O, G, Petersor, Anmial meeting Opt, Sci,
Amer., San Francises, CA, 1978: 1. C. Walling, H. P. Benson, R. C, Moriis, . 'W. O'Dell, and G. Peterson, Opt,
Lent £182:1879%; 1. C, Walling, 0. G. Peterson, H. P, Jenssen, R. C. Mords, and B. W, O'Dell, IEEE J. Quantin
Electron. QE-16:1302 (1980%; and C. L, Sam, 1. C. Walling, H. P. Jestssen, R. C. Moms, and B, W. O’Dell, Proc
Soe. Photo-Opt. Tust. Eng: [(SPIE} 247:130 (1980), .

M. L. Shad and . Jensesn, 1EEE J. of Quanium Electron. QB-19:480 (1983).

WM, Shand and 3, ‘Walling, IEEE J. of Quannon Eléciron. QE-18:1829 (1982}

Hy, Buchert, A Katz, aud R, R, Alfano, [EEE L. of Quantum Electron, QB-1%:1477 (1983).

28, V. Zhatikov, N, N, [Pichev, 8, P. Kaltin, V. V. Laptev, &. A, Malyutin, V. V. Osike, V. (5. Ostronmov,
P. P. Pashinin, A, M, Prokharov; V. A. Smivnov; A. B, Umyskov, and I, A, Sheherbakoy, Sow /. Q:mnnmz E[ecr;‘om
13:1274 (1983). ’




Sec. 11.2  Applications 347

was discovered in 1982 by Moulton at MIT Lincoln Labs.}* Although sapphire is the oldest
laser material (ruby is Cr** in sapphire) the discovery of the broadly tunable nature of Ti**
in sapphire was quite unexpected. A review report on tunable solid-state lasers published in
1982 and a review paper on alexandrite lasers in 1985 do not even mention Ti:sapphire.

" Part of the delay in Ti:sapphire emerging as a viable commercial tunable solid-state
laser was materials-bused. Early Ti:sapphire crystals showed an absorption at the lasing
wavelengths that was approximately an order of magnitude higher than the absorption in
high-quality sapphire. A number of possible defects were proposed!® and after much inves-
tigation the residual absorption in vertical-gradient-freeze (VGF) crystals was shown to be
due to quadruply fonized titanium (Ti*) substituting for the aluminum in the sapphire,'”- 1%
Growth and annealing methods have significantly reduced this problem in modern commer-
cial Ti:sapphire material.

In spite of its many advantages, Tisapphire does suffer from a few disadvantages. In
particular, its short upper state lifetime (3.2 118) makes it quite difficult to pump with a lamp.
Although lamp-pumped Ti:sapphire lasers have been built,’ most commercial Thsapphire
lasers are pumped with argon-ion or doubled Nd:YAG lasers. '

Several other materials have seen some commercial interest as possible lamp pumped
faser matesials. In particular LiCaAIFg:Cr** and LiSrAlF:Crit have seen some interest as
possible tunable commercial laser sowrces.?® A number of other chromium-doped materials
including Cr:forsterite and CriYAG are also showing strong potential.2!

Transition-metal solid-state tunable lasers are still being actively developed. Bames™
and Budgor et al.?* provide good overview treatments of this developing field. In addition,
there are three special issues in IBEE journals on tunable lasers®

Bp. £, Moulton, Solid State Research Repart, DTIC AD-A124305/4 (1982:3) (MIT Lincoln Lub., Lexington,
1982, pp.  15-21, vepmted by P.'F. Moulion, “Recent Advances in Solid-State Lasers,” Proc. Con Laery
Etectro-opt,, Ansheim, CA, 1984, paper WA2.

8. 1 Guenther and R. G, Buser, JEEE 1. of Quantion Electron, QL-iS 1179 £1582),

By ¢ Walling, D, B, Heller, H. Samelson, D. I. Harter, J. A Pete, and R, €. Moy, IEEE L. of Gramipm
Eleprron, QE-21:1368 (1985).

16p, Lavovara and L. Bsterowity, IEEE J. of Quantom Flectron, QB-21:1614 {1985).

A, Sanchez, A. J. Strauss, R. L. Aggaewal, and R, B, Pahey, IEEB J. of Quantum Electron, 24:995 (1988),

BR, Aggarwal, A. Sanchez, M. Stuppi, R. Fabey, A. Strauss, W. Rapopmt and C. Khautak, IEEE J, of
QOuantum Electron, 24:1003 (1988). - :

Bp Lacovara, L. Bsterowitz and R. Allen, Opr. Lert. 11273 (19853, _

EL ‘Payne, L. L. Chase, B, W. Newkitk, L. K. Swmith, and W. F. Krupke, JTEEE . of Quantim Eleciron,
242043 (1988); ond §. A. Payne, L. L. Chase, L. K. Smith, W. L. Kway, and H. W, Newkirk, /. Appl. Phys
66:1051 (1989), _

2e, Pollock, D. Barber, 1 Mass, and 8. Mackgraf, JEEE J. of Sel. Topics in. Quantum Electron. 162 (19953,

Notman P, Barm}gﬁ, “Transition Metal Solid State Lasers,” in. Twnable Lusers Handbook, ed F. 1. Duartg

- (San Diego: Academic Fress, 1995),

BA, Budgor, L. Esterowtiz, and 1., G. DeShazer, eds;. Tunable Solid Siate Lasers 1 {Berlm " Springer Verlag,

19863,

MIEEE J. of Quantwm Electron. QB-18 (1982); QE-21 (1985) and IEEE J. of Sel. Topics in Quantusm
Flectron, {19953,
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11.2 APPLICATIONS

Transition-metal solid-state tunable lasers provide two major features, First, they are tunable
over a broad range of visible and near IR wavelengths. Second, they can be used to produce
extremely short pulses.

The tunability feature means that these lasers are ideal for spectroscopic applications.
This not only includes traditional scientific spectroscopy, but afso medical diagnostic spec-
troscopy. For example, Thsapphire lasers have been used to peiform an optical version of
conventional mammography.?® There are alse potential applications for absorption, Raman,
and fluorescence spectroscopy in medical imaging,

Solid-state lasers compete with dye lasers for medical applications requiring both
tunability and intensity. Primary among these are cosmetic surgery for port wine birthmarks,
telangiectasia, warts, stretch marks, acne scars, removing tattoos, and psoriasis.?’ Tunable
solid-state lasers also compete with dye lasers for medical applications such as shatiering
kidney stones®

In addition, the extremely short pulses possible with tunable solid-state lasers are
finding application in micromachining. Femtosecond-pulsed Tisapphire lasers can be used
for micromachining holes in metal and polymer substrates as well as for ablating pho-
toresist films and cutting traces on semiconductor matexials.?® Tisapphire lasers compete
with Nd:YAG, diode- pum;)ed Nd: YAG and. excimer i'isms for this extiemely important
max&m

11.3 LASER MATERIALS

Ruby, alexandrite, and Ti:sapphire are the major transition-metal solid-state laser materials,
Although ruby is not used commercially as a tunable laser, it does have a tunable vibronic
transition. Interestingly enough, the band structure of alexandrite is quite similar to raby;
_except in alexandrite the vibranic transition is the inportant one and the narrow line transition
is not wsed. In contrasi, Ti:sapphite has crystalline and mechanical properties virtually
identical o ruby, but a dvamatically different bind structure. :
A aumber of publications can provide additional information for the interested reader.
Overview treatments ate given by Weber,” Koechner,*! and ‘Duarte, while more specific

Braser Focus Warld, Feb.: 38 (1996).

HLaser Focns World, Feb.: 72 (19963,

2 Laser Focus World, May: 66-7 (1996).

®Laser Focus World, May: 6677 (1996).

DL aser Focus World, Jamary; 22 (1996),

Mvtarvin 1. Weber, ed, Handbook of Laser Science snd Technolagy, Yol 1-Lasérs and Muasers (Boca Raton,
FL: CRC Press, Inc,, 1982 and more mecently, Marvin J. Weber, ed, Hundbook of Laser Science and Technology,
Supplement §, Lasers (Boca Raton, FL: CRC Press, Inc., 1991

SWalter Koechner, Solid State Laser Enginecring, 4th ed. (Besling Springer-Vedlag, 1996).
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Figore 112 The energy band diagram for
ruby.

information can be obtained from the wide variety of review papers on alexandrite®® and
Ti:sapphire.?35 Manufacturer data shests and application notes are also very useful.>®

11.3.1 Ruby—Primary Line at 694.3 nm

Ruby (chrominm-doped Al,O3) is 1 ved or pink hexagonal erystal whose most familiar appli-
cation is jewelry. Ruby is an optically uniaxial crystal® that is bard (Moh’s harduess of 9),
of good optical quality, and extremely thermally conductive (042 Wem-K at 300K}, Ruby is
-nonhygroscopic, refractory, and is generally considered the most durable of the common laser
crystals {(with the possible exception of Ti:sapphire). Ruby crystals are typically grown by the
Czochralski method {the same method as nsed for the growth of silicon). Ruby can be grown
at 0, 60, or 90 degrees to the optic axis, and laser material is usually grown at 60 degrees.

Sapphire is doped with Cr*¥ to obtain raby. The Ce™* substitutes for the AP in the
crystal. Typical dopings are 0.05 weight percent of Cr,O4. However, excess chromium can
distort the erystal structure and concentrations are sometimes reduced 10 9.03 weight percent
to enhance the optical beam quality.

The energy diagram for ruby is given in Figure 112, Ruby is three-state and is the
only commercially viable three-state laser system. The laser pump bands are principally
the *Fy and the *F; bands, The ground state is the *A; band. The two pump bands form
manifolds centered around the blue (400 nm) and green (555 nm). The pump bands are

253, Duarte ed, Tunable Lasers Handbook (San Diego: Academic Press 19953

2, €. Walling, D. B. Heller, H, Samelson, D. J. Hartes, J. A. Pete, and R. C. Mons, JEEE J. anumzth
Electron, QE3L; 15§b {19835).

34, Sanchez, A. T, Strauss, R, L. Aggarwal, snd R. B, Fahey, 1EEE 2. of Quantum Electron. 24:995 (19885,

5R. Aggarwal, A, Sanchez, M. Stuppl, R, Fahey, A. Stauss, W. RApoport and C. Khattak, /EEE J. of
: Qumzlum Electron, 74‘10(}? (1988),

Yntajor erystal suppliers ave Umon Carbide (mby, alexandrite and Thsapphire) and Litton Alrtron
{algxandrite).
* uniaxial crystal is one where two of the Cartesian directions hwve one index of refraction r, and the third.
has a different index of refraction .. See Section 8.3 for a discussion of uniaxial and biaxial crystals.
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each quite wide, with the blue band about 0.05 microns wide and the green band about 0.07
microns wide.

The lifetime in the pump bands is extremely short, with the ions cascadmg almost
immediately to.the metastable > states. The upper 2E state is termed the A state and the
lower is termed the E state. The 24 and E states are separated by 29 em™!, which gives
a population ratio at thermal equilibrium of 87%. Thus, while fluorescence in ruby oceurs
from both the 24 state to the Y4, (lermed the Ry transition at 692.9 nm) and from the E
state o the ¥4, (termed the R, transition at 694.3 nm), laser action first oceurs on the &y
transition, Once laser action has begun, the rapid relaxation time from the 24 1o the E
transition prohibits laser action starfing on the Ry line. The only way to start laser action
on the Ry line is to suppress the Ry line by special dielectric coated mimors or internal
-gavity absorbers, (Interesting enough, even though lasing occurs pumamly on the R and
R, lines, sidebands have been observed on the long wavelength side, in particular at 767
nm, attributed to vibronic lasing.)

Since ruby is uniaxial, its absorption coefficient is a very strong function of the po-
larization direction of the light (sec Figure 11.3). This propeity strongly affects the beam

,-quak:y The best optical quality ruby is grown with the crystal axis at 60 degrees fo the
boule axis, When such a ruby rod is pumped in a diffuse reflecting pump cavity, pump
light parallel to the c-axis will be absorbed differendy than pump light perpendicular to

 the ¢-axis, This will cause the pump distribution (and thus the laser output beam) to be
glliptical,

-~
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Fignre 113 Since ruby is nniaxial, its sbsorption coeficient is a very strong fundtion
of the polarization divection of the light. (From D, C. Cronemeyer, J. Opt. Soc. Am,
56:1703 (1966). Reprinted with the permission of the Optical Society of America,)
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11.3.2 Alexandrite—Tunable from 700 nm o B18 nm

Alexandrite (BeAL;O4Cr* or chromium-doped chrysoberyl) is a hard orthothombic mate-
rial, Chrysoberylitselfis considered a semiprecious jowelry material and is commonly called
oriental topaz. It ranges in color from yellow through green to brown, When chirysoberyl is
doped with chromium, the material turns emerald green and displays a secondary red color
. when viewed in artificial light. (As an aside, one variety of chrysoberyl occurs in a erystal
formy consisting of parallel arrangements of fibars. When cit s a cabochon, it is called
cat's-gye of tiger's-gye.)

Alexandrite is biaxial,® hard, of good optical quality, and quite thermally conductive
{0.23 Wiem-K as compared with 0.14 Wiem-K for YAG and 042 W/em-K for ruby).
Alexdndiite is nonhygroscopic, melts at 1870°C, and has a Mol'’s hardness of 8.5 {which
makes it harder and more durable than YAG, but somewhat less than ruby). Additionally,
alexandrite has a very high thenmal fracture limit (60% of ruby and five times that of YAG).

Doping the yellowish chrysoberyl with chromium results in an emerald green alexan-
drite crystal. Alexandrite is biaxial and the crystal appears green, red, or blue, depending on
the angle and lighting conditions. The principle axes of the indicatrix are aligned with the
erystallographic axes.™ Lasers ate usually operated with light parallel to the b-axis because
the gain for polarization in this direction is roughly ten times that of any other direction.

As with ruby, the crt owupn,s the aluminuni sites in the crystal. However, there are
two different aluminum sites in alexandrite, One site has mirror symmetry, the other has
inversion symmetry, Most of the chromium substitutes for aluminum in the larger mirror
site (about 78%), which (luckily!) is the dominant site for laser action. The doping in
alexandrite can be a great deal higher than with ruby. Doping concentrations as high as 0.4
weight percent still yield crystals of good opncal quality (aithough 0.2 to 0.3 weight percent
is somewhat more common),

The energy diagram for alexandrite is given in Figure 114, Alexandrite can be
operated as'either a three-state system or as vibronic four-state system (note the similarity
to ruby!). The laser pump bands are principally the * Ti(higher) and the *7; (lower) bands.
The ground state is the *A; band. The two pump bands form manifolds centered around

33A Tiaxial crystal is one wheré afl three of the Cartesian directions have different indices of refraction. See
Section 8.3 for a discussion-of uniuxial dnd binxial crysials,
Bgee Section 8.3 for mmore discussion on the indicatiix.
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the blue (410 iim) and yellow (590 nm). The pump bands are each quite wide, with widths
approximately 1000 angstroms. .

in 4 fashion similar to ruby, there is 2 metastable 2F state. As with ruby, laser action
can ocenr on the R lnes of the 2 £ state and can generate three-state laser behavior at similar
wavelengths (680.4 nm), The major difference between the R-state lasing in alexandrite and
ruby is that alexandrite possesses a higher threshold and lower efficiency. Thus, alexandrite
is not used as 4 ruby replacement.

The major value of alexandrite is in its four-state tunable laser energetics. When
operated ag a four-staie laser, alexandrite is a vibronic laser. Lasing action oceurs between
‘vibronic rather than purely atomic states. Thus, the emission of a photon is also accompanied
by the emission of phonons as the state retums to equilibrium. This is what provides the
wumability. The laser wavelength is determined by which of the vibronic states is the top
Taser state, Any energy not carvied off by the photon will ‘then be emitted by phonens to
restore the system to'its ground state. A

Laser detion occurs by emission from the * 7 state ta the excited vibronie states within
the *A, band. Subsequent phonon emission returms the A, band to equilibrium. The * 7

- state is much shorter lived (6.6 p¢s) than the metastable *E states (1.54 ms) and is quite close

in energy (800 em™"), so the metastable 2 E states serve as a storage state for the *7; state.

In any laser with a very broad pumping curve, there is the risk that the laser photons
themselves will be reabsorbed. Luckily, in alexandrite, there is a deep minimum in excited-
ion absorption across the primary laser tuning range. Therefore, sxcited-ion absorption is not
an ssue over much of the range. However, the long wavelength tuning Hmit in alexandrite
is due to excited-ion absorption. At higher wavelengths than 818 nm, the exeited-ion
-absorption cross-section is larger than the laser cross-section, and laser action is suppressed.

Alexandrite has exceptionally fascinating bebavior with temperature. Ag the tempera-
ture increases in most four-state lasers, the lower laser state population increases, and Taser
action is reduced. However, the lagser oulput from alexandrite increases with temperature
up to & emperature of around 200°C, and then decreases abruptly, This is because there
are two competing temperature effects in alexandrite. Although the lower state population
does ingrease with temperature, there is also the coupling between the metastable 2 F storage
states and the * 75 state. As the temperature increases, the population in the upper laser state
increases, partly counteracting the increase in population in the lower state. Thus, alexan-
drite possesses an improvement in performance with temperature at wavelengths greater
than 730 nm, - :

Unfortunately, the Hfetimes of the upp&;' and storage states somewhat reduce the
advantagm of hagher temperatures. When the temperatire is increased, the population in
the V75 state increases. However, this state has a shorter lifetime, Thus the effective upper
state lifetime (the populatlon-ratroed combination of the two upper siate states) is reduced.
At some temperature, the combined upper state lifetime is shorter than the pump pulse
width and energy i3 10&& in fluorescence, This also reduces the advantages of increasing
temperature.

Oune final temperature effect is worth meuntioning. At higher temperatures, the peak of
the gain cuive shifts to longer wavelengths. This is due to ncteased phonon populations as
well as 4 shift of the R lines and enhancement of the long wavelength vibronic transitions,
The net result is a rathér dramatic change in laser wavelength with increasing temperature.
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Since alexandrite is biaxial, is absorption voefficient is a very strong function of the
polarization divection of the light, in all three directions! (See Figure 11.5.) This creates
gome of the same orientation and pumping inhomogeneities observed in suby,

11.3.3 Tiisapphive-~Tunable from 670 am 1o 1080 nm

Ti:sapphire was developed relatively late in laser evolution, However, since the discovery
of 1aser action in Tisapphire in 1982, Th sapphue fisg become vug of e most widely vsed
solid-state Taser paterials,

Recall that ruby is chromivym-doped ALOs. Tiisapphire is titanium-doped Aigi}g
Thog, raby and Tisapphire have many of the same mechapical and optical properties.
Tiisapphire is also an optically uniaxial crystal that is hard (Moh’s hardness of 9), of good
optical quality, and extrensely théermally conductive (0.42 Wiem-K). Tisapphire is nonhy-
groscopie, refractory and is even mote durable than ruby due to a slight advantage oblained
with the titanium doping.

Sapphire is doped with Ti* t{) obtain laser quality Timsapphire, The Ti P+ substitutes
for the AP* in the erystal, Typical dopings range from 0.03 to 0.15 weight percent of
titanjum (slightly higher than the chromium in ruby). However, the similaritics between
ruby and Tisapphire do not include the spectroscopy. The energy diagram for Ti:sapphire
(Figure 11.8) possesses only two states, but the vibronic nature of the transitions makes it
possible to absorb from the bottom of the ground state to the upper vibronic manifold and
to lase from the bottom of the upper vibronic manifold down to the vibronic ground states.

This peculiar spectroscopy is driven by the single (3d)! electron. The {3d)' state
{which would be degenevate in a free transition-metal) is split by the cubic field when the
metal is substitutionally doped into the aluminum site i1 the s*tp’phhe The result is a doubly
degenerate excited stute 2E, and a triply degenerate ground state *7T3,. These excited and
ground states ave further spht by the trigonal field and spin orbit wuphng The result is a
bottom manifold of states To(, and a top manifold 2£,. One phonon of energy 172 em™'
couples to the excited state 2 Lg, state and two phoncms with engrgies of 220 and 260 cm™!
couple to the ground state *Ta,. (In comparison, ruby has three d electrons and a rather
more conventional energy state diagram!) :
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Ti:sapphire possesses very large polarization dependent absorption bands in the blue-
green (centered around 490 nim with widths of roughly 150 nin; see Figure 11.7) Absorption
of radiation polarized along the optic axis 7 is nearly twice that of the perpendicular po-
larization o. The absorption is genevaied by vibronic transitions between the ground state
2T, and the excited state 2E,. Similarly, Ti:sapphite possesses very large polarization
dependent emission bands in the red/IR (centered around 780 nm with widths of roughly
230 nm). Neatly thice times as much light is emitted polarized along the optic axis 7 as
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perpendicular to it o, The emission is generated by transitions between vibronic transitions
from the excited state E, to vibronic transitions to the ground state *7,.

1t is a delightful property of the vibronic states of Ti:sapphire that the absorption and
emission bands barely overlap. Thus, a laser photon generated within the emission band is
onlikely to stimulate absorption in the absorption band.

Although Ti:sapphire has a reasonable cross-section (4.1 - 107" em?), it also has a
relatively short upper state lifetime (3.2 us). Asa consequence, it is a difficult material to
pump with flashlamps. However, flashlamp operation has been achieved, with outputs on
the order of 3Vpulse at 2% efficiency. Flashlamps used for Thsapphire must typically be
altered (for example with a dye) to convert the blue-UV light of the lamp into the blue-
green absorption profile of the laser. The usual design strategy for successful operation of
a flashlamp pumped Tizsapphire laser is to create 3 very short flashlamp pulse (less than 10,
48) through clever design of the puise-forming network.

The biuve-green absorption profile of Ti:sapphire #s beautifully matched to the output
of ew argon lasers, ew internally-doubled N&'YAG lasers (patticularly diode-pumped cw
" YAGs) and pulsed doubled N YAG lasers. Using a Q-switched doubled Nd:YAG laser
as the pump gives the additional advantage of permitting gain-switched operaﬁon {Gain
switching is similar 1o Q-switching, excepl in gain-switching, the laser gain is turned on
very quickly, rather than the laser loss being tned off very quickiy.)

The phenomenal bandwidth of Ti:sapphire is ideal for mode-locking. Ti:sapphire lasers
have been mode-tocked with scousto-optic mode-locking, passive mode-locking, injection-
seeding, and coupled-cavity mode-locking. In 1991 it was discovered that Ti:sapphire lasers
will self-mode-tock, A flurry of advances oceurred in-this technology, resulting in elegant
methods for self-mode-locking Ti:sapphire lasers with temporal pulse lengths of less than
10 fs. This advancement was a major change in laser development, as until that time all
ultrashort pulse Tasers were dye lasers (see Section 11, 5)

11.3.4 Comparison betwesn Major Solid-Btate Laser Hosls

Consider the solid-state hosts as shown in Table 11.1. Notice that ruby and Tisapphire
are the mechanically more robust and thermally conductive. Nd'YAG and alexandrite are
both four-state Tasers with long upper state populations (permitting lamp pumping), while

TABLE 111 SOLID-BTATE LASER HOSTS

Ruby A N&¥AG  Alsexandtite  Thsapphire

Harduess 9 8.2 8.5 9.1
Thermal conductivity. 042 0.14 0.23 042
(Wiem-K) {300 X) {300 K3 300 K) (300 X)
Upper-state lifetime. 3.0 ms 23095 260 s 32 s
: (300 K) 300 K) (300 K (300 K)
oy (£ross-section) 2.5, W 65107 1.1 4.1 - 109
{em®)
Linewidth (A) 53 (11 em™t) 45 1000 2300

(300 X) (300 K)
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Ti:sapphire has a very short upper state population (_generaily requiring laser pumping).
Nd:YAG and Ti:sapphire have relatively large cross-sections while alexandrite and ruby
have smaller cross-sections, Tissapphire has the widest linewidth and ruby the narrowest.

11.4 TESAPPHIRE LASER DESIGN

Tisapphire lasers differ from conventional solid-state lasers in two mujor ways: First,
Ti:sapphire Tasers are typically pumped by an argon-ion or Nd:YAG laser. As.a consequernice,
the resonant cavity geometry is often a ring or folded-Z cavity to allow the pump beam to
interact with the laser material while avoiding pump light in the output beam. (Ring laser
cavities are discussed in Section 11.4,1.) Second, Ti:sapphire lasers have very large tuning
curves. Tuning elements such as etalony do not possess sufficient range to tunie Tiisapphire
lasers. Instead, birefringent filters ave usuaﬂy employcd (mefmwem filters are discussed
in Section 11.4.2).

“.. 1141 Ring Lasers

The first ring resonator was. demonstrated in 1963 by Tang et al. in.ruby.®® Although the
primary applications for early ring resonators were in optical gyroscopes, ring lasers did
not see much commercial application as resonator structures until the development of the
dye laser.**3 Not only did the ring ease some of the geometrical consiraints in building
dye lasers, the caumer«pmpagmmg nature of the mode parmxuz,d the construction of the first
femtosecond pulse lasers (see Section 11.5).

-Ring laser grometries are often necessary with Trsapphlre lasers, because of the
geometrical requiremerits imposed by pump lasers. Some especially elegant designs have
been implemented, including diode-pumped monolithic ring resonators where the entire ring
is fnside the gain material®, .

_ Basics on ring resonators.  The prototypical laser resonator consists of two mir-
rors facing each other (see Figure 11.8), This configuration creates electric and maguetic
field standing waves in the résonator with a period of one-half of an optical wavelength,
These standing waves Intersct with only pant of the volume of the laser material, thus
creating spatial i_nhamageﬁaities in the gain. - This effect is termed sparial hole
burning.

If the laser is running on multiple longitudinal modes (creating many ovmlappmg
standing wave regions), or if the laser is a gas laser (where the atoms are in constant
motion), this effect is not very significant. However, for single-mode-solid-state lasers,
apat;al hole bummg can’ <s1gmﬁcantly reduce the oufput power of the operating laser mode.

hadet Tang, H. Statz, zmd G deMars, Jr., J. Appl. Phys. 34:2289 (1963),
W, Chow et al., Rev. Mod. Phvs, 37:61 (19853,

43R, P, Schafer and H. Muller, Opt. Commum.. 2:407 (1971).

1, M. Green, J. P, Hohimey, apd F, K. Tinel, Opt. Commun: "1:349 (1973).
7.1, Kane and R, L. Byer, Opi. Letr. 10:65 (1985),
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Spatial hole burning can be reduced by generating eircularly polarized light in the laser
material,*® mechanically moving the material,*® or by phase modulating the beam entering
the material.”’ However, one of the most successful methods for eliminating spatial hole
burmning 18 to structure the resonator In a unidirectional ring geometry.

A simple ring resonator (such as in Figure 11.9) is not very different from a conven-
tional resonator. A simple ring résonator wxli have longitudinal modes (the back-and-forth
length of a conventional laser is equivalent to the round-trip length of a ring laser) and
standing wave patterns (formed by the interaction between the left and right traveling waves
in the ring).

However, ring lasers can also be made to operate in only one direction. Such uni-
directional ring lasers no longer possess standing waves and do not create spatial hole

B, A Draegert, IEEE J. of Qum:}um Elecyron. QE-8:235 (1972).
4, G, Damielmeyer, Appl. Phys. Lett. 16:124 (1970),
¥H. G. Danielmeyer, Appl. Phys. Letr, 17:519 (1970}
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burning effects. Eliminating spatial hole burning provides several advantages. First, since
the laser material is more homogeneous, there Is more overall gain available to the lon-
gitudinal modes. This increases mode competition between adjacent longitudinal modes,
making it possible to pump the laser harder and still retain single longitudinal mode oper-
ation. Additionally, since the gain i more homogeneous, more power can be extracted by
a single operating mode. The combination of increased pumping range and increased gain
means that unidirectional ring lasers can deliver significantly more power than conventional
resonators, ‘ '

Ring lasers possess some additional advantages. 1f a laser is being used as a pump for
a ring laser, it is relatively easy to configure the resonator 30 that the back-reflected beam
is not returned back into the resonator of the pump laser {see Figure 11.10). The optical
system formed by a plane parallel mirror of a conventional resonator aud the cutput mitror
of the pump laser can act like a Fabry-Perot cavity attached to the laser. The interaction
- between this external Fabry-Perot and the resonator of the pump laser can significantly alter
the frequency and intensity properties of the pump laser. (This is the origin of the vscillation
that occurs when aligning a laser cavity with a HeNe laser and backreflecting the alignment
beam precisely down the hore of the alignment laser,)

Ring lasers also possess more flexibility in cavity design, particnlarly for unsiable
resonators or for lasets that have 4 number of sensitive Intracavity elements. Additionally,
unidirectional ring lasers inherently have an ordering to the elements in the cavity. (For
example, the gain material might be followed by a doubling crystal and then by a birefringent
filter.) Inhefent ordering of optical components is important in many applications,

Creating unidirectional oscillation. One method for generating unidirectional
oscillation is to greate & small external cavity aligned with one of the propagating directions
of the ring laser (§¢e Figure 11.11) If the laser is junning counter-clockwise (CCW), the
traveling wave in the laser does not interact with the external cavity, However, if the laser
is running clockwise (CW), the beam is back reflected into the CCW direction and supports
the CCW mode.®¥

This method works for certain laser materials. However (even when it works) the
method does not completely suppress the light in the uwnwanted direction. Perhaps more

BThe terms ow (for continuous wave) and ow {(for clockwise) are both commonty used in laser engineering.
There is no standard. notation to distinguish them, and so the meaning must be deduced from context, Here T will
use CW for the latter,
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“impartantly, the method can enhance mode-beating (particularly if there are multiple Jongi-
tdinal inodes running in the ring) and interferometric effects.

A more reliable method for generating unidirectional oscillation in a ring laser is to
use an optical diode constructed from a Faraday rotator, a half-wave plate, and a Beewsler

plate or polarizer (see Figure 11.12).

‘ A Faraday rotator (as used in a ring laser) is a device that changes the angle of linear
polanzauon of light as a function of an applied DC magnetic field. The angle is changed
in the same direction, independent of the direction of the waye propagation,

To explain this further, consider a. vertically polarized wave traveling in the CCW
direction and entering a Faraday rotator as shown in Pigure 11.13. Assume the Faraday
rotator changes the direction of linear polaization from vertical to 45 degrees to the vertical.

Optic:al diote

¢ Hall-wave Faraday Polarizer, or
»oplale rotator  Brewster plate

el aw e sy

b

Figure 1142  Another method for generating wnidirectional oscillation in a ving Juser
i% 1o place an optical diode (construeted from a Faraday rotatos; a -halfavave phte and
2 Brewster plate or polatizer) in the resonator.
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Now, assume a vertically polarized wave traveling in the CW direction is incident on the
same Faraday rotator. The rotator will also change the direction of linear polarization from
vertical to 45 degrees to the vertical. The angle has been changed in the same direction
independent of the propagation direction of the wave, .
~ Contrast this behavior with that of a half-wave plate. Consider a vertically polarized
wave traveling in the CCW direction and entering a half-wave plate as shown in Figure 11,14
Assume the half-wave plate changes the direction of linear polarization from vertical to 45
degrees to the vertical. Now, assume a vertieally polarized wave taveling in the CW
direction is incident on the same half-wave plate. The rotator will change the direction of
linear polarization from vertical to 315 degrees to the veitical (that is, 45 degrees in the
other divection from vertical).
The unusnal nature of Faraday rotators can be explained in ancther way. Assume that
a Faraday rotator is configured with a mirror so that a beam enters the rotatoy, bounces off
the mirror and enters the rotator again (but traveling the other direction). (See Figure 11.15.)
Consider a vertically polarized wave fraveling in the CCWdirection and entering the Faraday

Half-wave plate

k
™
./

A 1
%

N
£
.

Y Figure 1114 Vertically polarized. light
‘65‘ passing through a half-wave plate In
T clockwise (CW) and counter-clockwise
(CCW) directions.
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. : . passing through a Faradny totalor in the
*-6}- —65— CCW direction, being back-reflecied, aud
passing back through the Faraday rorator in
the CW direetion,

rotator. Assume fhe rotator changes the direction of linear polurization from vertical to 45
degrees to the vertical, Now, the beam will be directed back through the rotator by the
‘mirror, and will again be altered by 45 degrees in the same direction. The beam is now 90
degrees from its original polarization.

Contrast this with a half-wave plate. Assume that g half-wave plate is confi gmed with
a mirror s0 that a beam enters the half-wave plate, bounces off the mirror, and enters the
half-wave plate again (hut traveling the other direction). (See Figure 11.16) Consider a
vertically poladized wave traveling in the CCW direction and entering the half-wave plate.
Assume the half-wave plate changes the direction of linear polarization from vertical to 45
degrees to the vertical. Now; the beam will be directed back throagh the half-wave plate
by the mirror, and will be altered by 45 degrees in the reverse direction. The beam is af the
same polarization as the originall

The contrasting properties of Faraday rotators and half-wave plates allow the creation
of optical diodes. As an example, consider the optical systen illustrated in Figure 11.17.
Here, a Brewster plate {or polarizer) is oriented to pass vertical polarization. The Brewster
plate is followed by a Faraday rotator and then by a half-wave plate.. Consider the CCW
wave first. A vertically polarized wave is first passed with no loss by the Brewster plate.

Half-wave plate

W
e | ] ] oo

I
—

Figure 1106  Vestically polasized Hght

A E . . .
i N passing through a haif-wave plate in the
W T CCW direction, being back-reflected, wnd

passing back through the half-wave plate in
the CW direction.




362 Transition-Metal Solid-State Lasers Chap. 11

-

Half-wave
plate -

cew

S
-
ol
] ~ Faraday
o
-

Polarizes Figore 1L17  The contrasting properties

of Faraday rofators and half-wave. plates
allow the greation of an optical diode, This
syswem passes CCW lght unchanged, bt
altenuates CW light.

=K

-4
[
A
-4
[
-4

Then, the Faraday rotator ¢hanges the direction from vertical to 45 degrees to the vertical.
The half-wave plate then returns the pelarization divection to the vertieal. The original wave
polarization has been recoversd,

© Now, consider the CW wave. A vertically polarized wave enters the half-wave plate
and the direction is changed from vertical to 45 degrees 1o the vertical. The Faraday rotator
then continnes the change to 90 degrees to the vestical. The CW wave (now perpendicular
to the CCW) experiences high loss from the Brewster plate (or polarizer) and is attenu-
-ated. : ’ -

11.4.2 Birefringent Filters

A tunable laser (such as Tisapphire) requires some type of adjustable optical tuning element
in order to run with a narrow linewidth. Spatially dispersive clements, such as prisms or
gratings, can be used to provide this tuning, However, it is extremely difficult to desxgn
good tuning systems for wide bandwidth tunable lasers using spatially dispersive elements,®

An alternative strategy is to use etalons. Recall from Chapter 3 that a conventional
ctalon makes a very good high-resolution filter. However, a single etalon can only be tuned
over its free spectral range. Thus, etalons are well-suited for isolating narrow linewidth
features (such as a smglc ar gon ion longitudinal mode) but are less well-suited for broad
tuning.

Birefringent: filters otfer an effective alternative to dispersive elements or etalons.
Multiple element birefringent filters offer. excellent resolution over a very broad specteal
tuning range. The first use of a birefringent filter as a tunable narrow band laser filter was

VA, L. Bloom, Opr. Engineering 1131 (1972).
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Birefringent plate at
Brewster's angle

Figure 1118 A birefringent filter is a

plate of bivefringent material placed inside
a laser cavity ab Brewster's angle, The

bivefringent filter will transmit # set of

wavelengths sorresponding fo an integeal
nomber of full wave rétardations in the

crystal.

-in 1972 by Yarborough.? % Birefringent filters are analyzed by Bloom,*' Preuss and GO]C,
and Vaile and Moreno,> N&gus et al. hold a patent on a birefringent filter for use in a
tunable pulsed laser cavity.™*

A b;refrmgent filter is a plate of birefringent material placed inside a laser cavity at
Brewster's angle (see Pigure 11.18). When the wavelength of the light incident on the filter
cotresponds to an integral number of full wave retardations in the birefringent element, then
the beam emerges. unchanged. However, if the wavelength of the incident light is anything
other than an integral number of full wave retardations, then ils polarization will be altered
and it will suffer loss at the Brewster surface. Thus, the birefringent filter will transmit a set
of wavelengths cofresponding to an integral number of full wave mardatxom in the crystal
{see Fxgure 11,19y,

A birefringent filter can be tuned by rotation around its own axis {the rotational
direction that dogs. not change the Brewsier angle orlentation). This alters the index of
refraction séen by the incident beam and thus the wavelength corresponding to an integral
number of full wave retardations,

A single birefringent filter possesses a sinnsoidal-like transmittance profile (see Fig-
are 11.19) that is usnally too broad for use as a tuning element in a Tissapphire laser.
However, multiple birefringent filters can be used to provide greater selectivity, For exam-
ple, Figure 11.20 illustrates the transmittance of a three-stage quartz birefringent filter with
thicknesses of 0.5 mum, 1 mm, and 7.5 mm.

Birefringent filters can be analyzed with a matrix technique in a sxm;hn fashion to
multilayer dielectric films.>® Of special interest is the intensity transmittance for a single

3y M. Yarborovgh and J. Hobart, post-deadline paper, CLEA meeting (1973)

A, Bloom, J. Opt. Soc. of Am. 64447 (1974).

3D, R, Preuss anid 1. L. Colé, Appl. Opt. 19702 (1980,

P, 1. Valle and F. Moreno, Appl. Opt. 31:528 (1992).

D, K. Negus et al,, “Birefringent Filter for Use in a Tunable Pulsed Lager Cavity,” U.S. Patent #5,164,9456,
Nov. 17, 1992,

3D, R, Preass and 1. L. Cole, Appl. Opr. 19:702 (1980),



364 ' Transition-Metal Solid-State Lasers Chap. 11

| m
@
bt
o
8 .
E 05| ;
uy
o
o
f—-
i TR SN GO R NU AU R
700 900 1100 1360 1500
Wavelength {nm) '
Figure 1519 A single birefringent filler possesses 4 sinusoidsl-like trapypifiince
profile.
K I r 1 I I 1
@
Q
5
=
e 05 -
5
c
I
=
0 ! l l

900 1100 . 1300 1500 |

Wavelength {nm)

Figure 11.20 Multiple birefringent filters can be used to provide greater selectivity, |
This llustrates the ransmittance of a three-stage birefringent filter with thicknesses of
0.5 mn, | mm; and 7.5 mom. .
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birefringent filter given by

4 2 el
ny, — i cos*(@)

Im = 1 — sin®(2 7"
™ sin”(2¢) (2 — cos? () cos2 (@)

g [ e[} = cos*®) co?(9)/n2 — cos’ @) co? @) /3] xwd
A [1 — cos?(9) sin® (¢) /n? — cos?(9) Cosz(gg)_)/nl;]liﬂ A [1 .._Qosz(e)/"%]l/z
L

where 0 = /2 — 6y for Brewster angle incidence (where @5 is Brewster angle), ¢ is the
tuning angle (ranges from 0 to 90 degrees), and d is the thickness.”

Example 111 .
Calculate the transmittance for a three-stage birefringent: filter fabricated from quartz. Assume
the smallest clement is 0.5 mim thick and that the elements are in the ratio 1:2:15. Assume the
filter is in at Brewster’s angle and that the rotational angle is 50 degrees. Plot the transmittance
from 600 nm to 1400 am.

Solution. Programs such as Mathead are well-suited for this type of calculation. Figme 11.20
illustrates the results of & Mathoad calculation for this problem. )

11.4.3 Coherent Model 890 and 899 Ti:Sapphire Lasers

The Coherent Maodel 890 laser is a laser-pumped ew broadband Ti:sapphire laser (see Fig-
ure 11.21). The output power depends on the pump and can be as high as 2.5 watts ‘with
the SW mirror set and a 15 watt argon-jon pump.

Three sets of standard optics are used to access the Tisapphire tuning range. Using
these three sets of optics, the wavelength can be tuned from 680 b to beyond 1100 nm
{see Figure 11.22). .

In order to accommodate both low- and high-power pump lasers, the Model 890 can
be configured for either high- or low-power pumping. The goal of the variable pump scheme
i o optimize the overlap between the TEM o resonator mwode and the pump beam. - This
maximizes the conversion efficiency and minimizes thermal lensing in the Tisapphire,

The laser wavelength is tuned with a birefringent filter (see Section 11.4.2). Smooth
continuous tuning is accomplished by minimizing the competition between the birefringent
tuning filter .and the natural birefringence of Ti:sapphire. To achieve this, the crystal is
mounted such that the polarization vector of the intracavity mode is aligned parallel to the
c-axis of the crystal. ; '

The alignment of the polarization and optic axis vecfors is achieved via a face-normal
rotation adjustment. This alignment prevents gaps or skips in the output tuning curve. The
Model 890 resonator is a folded linear resonator (see: Rigure 11.23). The backbone of the
890 resonator is a S cm diameter, solid, stainless-steel bar. The bar has a high thermal
mass, which reduces the system sensitivity to changes in the ambient temperature. Mirrors

38D, R. Preuss and J. L. Cole, Appl. Opr. 19:702 (1980).
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Figure 1122 The Coherent Model 890 Taser is # laser-puimped cw broadband
Tiisapphive Taser. Thres sots of standard optics are used 1o uccess the Tisapphire toning
range. Using these three szts of optics, the wavelength can be tuned from 690 nm to
heyond 1100 mu. (Courtesy of the Coherent; Inge., Laser Group, Santa Clara, CA)

s Taessieny: Samplice
i *Zrysi:;m ¢ At
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_ Bireiiegent Fllivr wav; fam«
4

Figare 1123 The Model :390 resonator is a folded Huesr resonator, (Covrtsgy of the
Cobgrant, Inc., Laser Group, Santa Clara, CA)

M1 and M5 are transparent to the pump Hght Mirtors M1, M2, MS, and M6 are highly
reflective over the Tisapphire laser wavelengths. Mirror M4 is the output mirror for the
iaser. Mirvors P1, P2, and P3 are highly reflecting at the pump wavelengths. Thus, the
pump beani enters the cavity along the M1 to MS$ axis and the laser action ocours between
the M4 and M6 output mirrors. The remaining mirtors are simply to asswe that the punip
beam can effectively pump the laser material without interacting with the Th:sapphire laser
output bean : :

Coherent also sells a more elaborate version of the Model 890, which is the Model
899 Ti:sapphire ring laser. As with the model 890, three sets of standard optics are used
to access the Ti:sapphire tuning range. Using these three sets of optics, the wavelength can
*be tuned from 700 am to beyond 1000 mmn (see Figure 11.24). The output power depends
on the pump and can be as high as 3 watts with the SW mirror set and a 20 watt argon-ion
pump.

The Model 899 resonator is a folded ring resonator (see Figure 11.25) using an Invar
(rather than stainless-steel) backbone, Mirrors M1 and M5 are transparent to the pump
Hight, Mirrors M1, M2, and M5 are highly reflective over the Ti:sapphire laser wavelengths,
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Mirror M4 is the output mirror for the laser. Mirrors P1, P2, and P3 ave highly reflecting at
the pump wavelengths, Thus, the pump beam enters the cavity along the M1-M3 axis and
the laser action occurs around the M1, M2, M4, and M5 ring. The optical diode and step
rhomb are requited to assure unidirectional operation around the ring (more on ring lasers
in Section 11.4,1), :

11.5 FEMTOSECOND PULSE LASER DESIGN

Since the discovery of mode«lockmg in 1964, there have been three generations of mode-
locked lasers,

The first-generation lasers are in the subnanosccond regime, fabricated from solid-
state materials such as Nd:YAG and Nd:glass, and using either active loss mechanisms
~ {such as acousto-optic mode lockers) or passive loss miechanisios {such as satirable
absorbers}, These lasers are ultimately limited in pulsewidth by the relatively narrow
‘spectral bandwidth of the gain mateiial and the inability of the saturable absotbers to
track with the pulse narrowing.
The second-generation lasers are in the femtosécond regime, using organic dyes as
the gain materials, and with passive mode-locking vsing saturable absorbers in com-
bination with rapid dye gain saturation. These lasers have demonstrated narrow pulse
widths, but are difficult to align and maintaio.
The third-generation lasers are in the low femtosecond regime, using solid-state vi-
bronic materials such as Thsapphire, with passive soliton-like pulse shaping formed
by batancing self-phase modulation agaiust gronp velocity dispersion. These lasers
also demonstrate nanow pulse widths, but are sxfaightforwmxi to construct.

'Ultra»shoxt puise optical systens are an extremely vich mzearch area. For the reaﬂer
interested in learning more, there are a nuwmber of special issves on ultrafast optics, 3 ag
well as review papers such as Keller et al,*® Krausz et al., ™ and Spielmann et al.%

11.5.1 Dispersion in Femtosecond Lasers

Dispersion is the ability of a material to alter the frequency character of light. There are
two main dispersive properties important in the design of femtosecond pulse lasers,

The first dispersive property of interest is group velocity dispersion (GVD). Group
veiocity dispersion is'the tendency Qf various frequencies of Tight to propagate at slightly

"71&‘:15 Loaf Quantus Llec/mmcs, Special Issues on Ultrafast Opneb and Blectronies: April 1983 January
1986, Febroary 1988, December 1989, and Qetober 1992,

98U, Keller, W, Knox, and G, *tHooft, JEELJ of Quantum Electron. 28:2123 (1992).

g, Kraus.z, M. Pesmann, T, Brabee, P, Curley, M, Hofer, M. Ober, C. Spielmann, E. Wintner, and A.
Schimidt, IEEE 1. of Quantum Elgerron. 28:2097 (1992).

8¢, Sipie’l'm’ann’, P. Cutley, T, Brabes, and F. Kransz, JEEE J. of Quanym Electron, 30:1100 (1994),
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different speeds in certain materials. In materials with a normal or positive GVD, the longer
wavelengths travel faster than the shorter ones, thus red shifting the pulse.

The second dispersive property of interest is self-phase modulation (SPM), SPM is an
intensity-dependent phase shift that manifests itself either spatially or temporally. (SPM is
often termed the Kerr effeet.)

Spatial SPM can also be desecribed as self-focusing. As the intensity in the center of
the pulse increases, the index of refraction of the material increases, and the pulse focuses.

Temporal SPM is a time-dependent phase shift that oceurs as the pulse sweeps through
the dispersive material: The rising intensity on the front edge of the pulse increases the index
of refraction. This will delay the individual oscillations, and thus red shift the rising edge.
The reverse effect oceurs on the trailing edge (blue shifting the trailing edge). Thus, temporal
SPM chirps the pulse,

For vltrashort pulse generation, the round-trip time in the resonator for all frequency
components of the Tight must be the same. Otherwise, frequency components with different
phase shifts will no longer add coberently and the mode-tocking will break down (think of
an unmode-locked laser with randoni phases). _

In a nonmal laser, temporal SPM will canse a red shift of the pulse and the GVD
will also cause a red shift of the pulse. Thus, in order to achieve transform-limited pulse
widths, it i necessary to incorporate some type of dispersion eompensation that biue shifts
the pulse. A '

Prisms aré the most common way of introducing GVD compensation. Although the
plass in prisms has normal dispersion (red shifts the pulse), the geometry can be arranged
5o that the blue componenfs transverse the prism path 18 2 shorter length of time than the
red cotaponents. An example of a prism pair where the GVD is a function of L is given in
Figure 1126,

11,&2; Nonlinearities Used to Creale Femtosecond Pulses

In an unmade-locked laser, all of the longitdinal modes will be running with raridom phases.
These random. phases may be synchronized by the addition of a suitable nonlinearity. A
taser is referred to as passively or self-mode-locked when this nonlinearity is generated
within the laser and does not depend on external influences.

For passive mode-locking to work; the introduced sonlinearity must create an ampli-
tude or phase instability. If an amplitude instability is created, this amplitude instability
should provide gain to the most intense initial fluctuation and loss to the others. In-addition,
this amplitude instability should be shorter than the minimum size of the initial fluctuation.

- In lasers where the uppér state lifetime is short in comparison to the cavity round-trip
time (pxmcxpaliy dye lasers) these requirements on the infroduced nenlmeamy are easily met

Figure 11,26 Prisms are the most
common way of ntroducing GVD
compensation, ~ A prism geometry can
be arranged so that the bloe components
transverse the prism path in a shotter fength
of time than the red components.
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by using a slow saturable absorber. The combined action of the rapid satyrable gain {due to
the laser) and the slower saturable absorption (due to the dye) creates a gain window that
follows the pulse width down to the dephasing time of the dye (usually tens of femtoseconds).

To illustrate this in more detail, visualize a short spontaneous fluctuation. As the
fluctuation goes through the saturable absorber, the intensity of the pulse will bleach the
absorber and the absorber loss will drop dramatically, As the fluctuation goes through the
gain material (with a short upper state lifetime), it will dynamically reduce the available
gain for a period following the pulsé. Thus, there is a window between the drop in loss
due to the dye bleaching and the drop in gain due to dynamic gain saturation. This window
favors the more intense pulse (see Figure 11.27).

Now consider the situation with a typical solid-state laser. In solid-state lasers, the
upper state lifetime is usually long and the lasers do not experience dynamic gain saturation
on time scales compatible with mode-locked pulses, Thus, passive mode-locking techniques
in solid-state lasers tely on saturable absorber dyes with extremely short lifetimes. In these
systers, only the dynamic bleaching of the dye works to sharten the pulse. These sysiems.
are also limited by the finite-state excited lifetime of the saturable absorber dye. Such life-
times are picoseconds in most organic dyes. Even the most exotic semiconductor saturable
absorbers have lifethmes in the hundreds of femtoseconds {and are severely wavelength
depenident),

Howeves, it Is *ﬁso posmblb to mode-lock a laser using spatial or temporal SPM. SPM
has the interesting characteristic that it almost instantancously follows the variation in the
optical field intensity. This ultra-fast effect can be transformed into a saturable absorber
response by inclusion of compensating elements in the laser cavity.

For example, spatial SPM (self-Tocusing) caivbe uged 1o create an misnsuywdepmdem
Toss. Spatial SPM will introduce an intensity-dependent change in both the location and the
width of the resonator mode beam waist. By introduction of a hard or soft aperture, the
self-focusing effect can be converted into an intensity- depenéam loss, {The process is also
referred to as Kerr-lens mode-locking or KLM.)

Kerr-lens ‘mode-locking can be used in many solid-state lasers, either by relying on
the intrinsic self-focusing of the laser material or by adding & self-focusing material. In
many cases (for example, Tisapphire) it is not even necessary fo include a true aperture,

1 Galnandliess

Time PFigure 1127 . In lasers where the upper
state lifetime is short in comparison to the
cavity vound-trip tirae, there is a window

\ between the drop in loss due to the dye
Pulse bleaching and the drop in gain due to
dynamic gain saturation,  This window

Time  favors the more intense pulse.

Intensity '
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Figore 11.28  The majority of
\ femtosecond pulse measwement technigues
Moving depend on the use of two pulses, with one
slement  delayed in time with respect to the other.
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The higher gain seen by a smaller mode will experience gain sataration and this will serve
as a soft aperture in the cavity.

11.5.3 Measuring ,Femiosm:and Pulses

Once laser pulse widths drop below a few nanoseconds, it becomes difficult to measure them
with conventional photodetectors and electronics. Thus, a variety of elegant techniques have
appeared 1o measure these short pulses. ’ .

The majority of these techniques depend on use of twe pulses, with one delayed in
time with respect to the other (see Figure 11.28). These two pulses are typically created by
-2 beam splitter and the relative time delay introduced by a moving mirror (such as & mirror
on a speaker). The pulses are then allowed to re-interact in some way, and a trace obtained
form this interaction. By changing the position of one pulse temporally with respect to the
other, an autocorelation pattern can be obtained (admittedly, at one point per pulse).

- There are a number of possible interaction elements. Two of the most common are
second harmonic crystals and two-photon phosphors, In the second-harmonic method, two
arms of an interferometer ate arranged so that the pulses have orthogonal polatizations, A
sécond-havmonic crystal is cut so that hiwmonic light is only produced when both polariza-
tions are present. The method thus measires the overlap of the pulse with its delayed replica.
The two-photon method is somewhat simpler in concept than the second-harmonic method,
In the two-photon method, the interaction material is simply 2 two-photon phosphor. When
iwo photons are simultaneous abserbed in the fluorescent material, a single photon of twice
the frequeney is emitted and detected by a camera or photodetector.

11.5.4 Colliding Pulse Mode-Locking

Barly work in femtosecond dye Iasers primarily focused on resonator design. A large mumber
of designs were proposed and tested. However, in 1981, Fork et al. came up with the seven-
mirror colliding pulse mode-locking (CPM) ring laser.51-%2 CPM rings are so successful that
all femtoseeond dye lasers since then use some form of CPM ring geometry.

A typical set-up for a CPM system is shown in Figure 11,29, The laser gain material
is a flowing jet of rhodamine 6G dye excited by an argon laser. The saturable absorber is
a thin jet (10 jum) of absorber dye.

SR L. Fork, B. . Greene, and C. V. Shank, Appl. Phvs. Lerr, 38:671 (1981}
&R 1. Fork, C, V. Shank, R. Yen, and C. A, Hidlmann, TEEE L. of Quantum Elecrron. QE-19:500 {1983).
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absorber dye. {From R. L. Pork, C. V

" ' Figme 11,29  In colliding pulse mode-
-y~ locking, two counter-propagating pulses are
W/’ T synchronized so s to overlap in a saturable
}

(M Y // Shank, R. Yen, an_de. A, Hirlimann,

|y Gain ~ “Femtogecond Optien] Pulses,” JEEE T
/ : of Quannyn Electron, (JB-19:500 (1583).

Absorber ©®1983 IREE) N

In CPM, two counter-propagating pulses are synchronized so as to overdap in a sat-
uvrable absorber dye. The interference of the two pulses will create a standing wave pattern
in the saturable absorber dye. The minimum loss condition in the dye corresponds to the
- maximum constructive intesference for the laser pulses,

The system is self-synchronizing because the lowsst loss condition always ocours when
the two counter-propagating pulses-averlap in the saturable absorber. Other conditions are
more lossy and rapidly lose outto the lowest Joss situation.

Competition betwesn pulses for gain is minimal bécause the gain reco\rmy time is
swift in comparison to the round-trip cavity time. The interval between pulse arrival times
in the gain media can be made large and equal for both pulses by separating the gain and
absorber jets by one-quarter of the round-trip path length. {The idea here is for the pulses
o pvertap i the saturable absorber dye jet, but ot in-the gain media.) »

A figure of merit for saturable absorber dye mode-locking is the ratio of the optical
field intensity which saturates the absorber, to the optical field intensity which saturates the
gain material. The higher this ratio, the more stable the laser. CPM iings offer a minimum
of d factor of two Improvement over conventional resonators (the factor of two is because
two pulses satigate the absorber, while only one pulse satirates the gain inaterial), An
additional improvement results from the nonlinearity of the saturable absorber dye. Finally,
the increased stability of CPM rings permits removal of dispersive cavity elements -which
may broaden the pulse. The net result is that CPM rings reduce the pulse width by a factor
of 4 to 10 over conventional resonators.

11.5.5 Grating Pulse Compression

. Grating. pulse compression‘is a classical technigque for reducing the temporal length of pulses
by using self-phase modulaimn {see Figure 11.30).

Aninputpulse is divected through a dispersive material which broadens the spectmm of
the pulse through self-phase modulation. (Single-mode fiber is the usual dispersive material
because the fiber yields spatially nniform frequency broadening which is almost entirely
due to self-phase modulation.) The resulting pulse (of the same temporal width, but with
4 factor of 3 to 5 broader spectrum) is then reflected between two gratings. The grating
pair introduces a phase shift, which is a quadratic function of frequency and is opposite in
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Figure 1130 Grating pulse compression uses seif-phase modulation in & fiber to
‘broaden the spectrum of the pulse, followed by a grating pair fo tempordlly compress
the pulse,

sign to that of the dispersive medium. The end result is a temporally shorter pulse with a
broader spectrum.

11.5.6 Solitons

Ongce the CPM ring laser geomeétries became well-established, research began to focus
on.dispersive properties of the resopator. In 1984, Martinez et al. proposed the idea
that balancing group velocity dispersion (GVD) against self-phase modulation (SPM) might
provide soliton-like pulse shaping and further reduce the temporal pulse width.® However,
Martinez et al. observed that this effect was unlike to occur in conventional CPM ring
lusers hecause of a competition between a negative contribution to the intracavity SPM,
which arises from the time-dependent saturation of the absorber dye, and the positive SPM,
which arises from the fast Kerr effect in the dye solvent. This causes an intracavity total
SPM that is small and negative., Their suggestion was that one of these contributing sources
would need to be reduced for the soliton behavior to be observed

This concept of balancing the GVI) against the SPM to formi solitons was first demon-
strated by Valdmanis et al. in. 1985 in a six-mirfor CPM ring cavity with four prisms used
as dispersion tuning elements®-% (see Figure 11.31). In this configuration, four fused-silica
prisms were used with the beam running through the apex of each prism. The dispersion
was tuned by changing the length L. With excess negative GVD, the laser maintained stable
operation, but the pulse width gradually increased. For excess positive GVD, the laser was
either not stable or ran with a stable mode but with long pulse widths. Valdmanis et al.
. hypothesized that the fast Kerr effect in the dye solvent was compensating for the negative

6303, E. Mantinez, R. L. Bork, and J. P, Gordon, Opt. Leir. 9:156 (1984).

S0, B, Muartinez, R. L. Fork, and . P. Gordon, J. Opr. Soc B, 2:753 (1985),

651, A. Valdmanis, R, L. Fork, and J. P, Gordon, Opt. Lerr. 10:131 (1985).

$65 A, Valdmanis and R. L. Fork, IEEE J. of Quentum Electron. QB-22:112 (1986).
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Tigure 1131 “The concept of balancing the group velogity dispersion against the self-
phase medulation fo form solitons was fiest demonstrated by Valdmanis et al, in 1985 in.
2 six-mitror CPM ring cavity with four prisms used as dispersion: tuning elements. (From
1. A. Valdemanis and R. L. Fork, “Design Considerations for a Femtosecond Pulse Laser
Balaneing Self Phase Modulation, Group Velosity Dispersion, Satirable Absorption, and
Sawenble Gain” JEEE L of Quanmm Blectron, QE-22:112 (1986} ©1986 1EEE)

1;1?(0&{:(2&&1 GVD by the prisms and thus creating the soliton formation. In essence, the Kerr
effect generated a pulse with a positive chirp (a positive linear chirp has a phase greater
than zero and can be considered qualitatively to have the red light coming first and the blue
light coming second), which required the addition of a negative GVD to generate pulse
compression,

11.5.7 Kerr-Lens Mode-Locking (KLM) in Ti:Sapphire

© Prior to 1991, & variety of mode-locking techniques had been applied to Tiisapphire. These
included synchronous pumping, acousto-optic modulation, passive mode-locking, injection
seeding, and additive pulse mode-locking. The only common feature was that the techniques
wers difficolt and not very successful (the shortest pulse wxdth was approximately 300
femtoseconds using injection seeding),

However, in 1991, Spence et al. demonstrated a new mode-locking technigue in
Tisapphire.” This technique was the first demonstration of Kerr-lens mode-locking and

“had the elegant featare that the critical nonlinearity was produced by the Tissapphire crystal
itself (rather than by an additiobal optical element).

The cavity naturally mode-locked down to 100 fs and was astonishingly simple (con-
taining only two prisms for dispersion compensation; see Pigure 11.32). The simplicity of
the set-up meant that his results were not well accepted-until the same effect was confirmed
in Tisapphire and observed in a variety of other lasers including CrLiSAF, Cr:LiCAF,
Nd:glass, Nd:YAG, Nd:YLE, and Cr:forsterite (for a more complete review of Kerr lens
mode-locking, see Krausz®™),

The demonsnatxon of self-mode-locking by Spence, coupled with the recognition of
the importance of dispersion compensation in femtosecond pulse lasers, sparked a flurry of
new activity in the early 1990s. -Cavity designs simplified dramatically and. research effort

57D, B Spenice, P. M. Kean, and 'W. Sibbeut, Opt. Letr, 16:42 (1991).

. g Krausz, M. Fermann, T, Brabec, P. Curley, M. Hofer, M. Ober, C. Spielmann, E. Wintner, and A,
Schmidt, IEEE J. of Quantum Electron. 28:2097 (1992).
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Figure 1132 In 1991, Spence, Kean, and

M Birefringent *----xs-rossmmesens Y Gibbett first demonstrated Kerr-lens mode-

filter focking in Thsapphire. (From D, E, Spence,
P, N, Kean, and W, Sibbett, Opr, Len. 16:42
(19915, Reprinted with the permission of

the Optical Soviely of America.)

moved toward more sophisticated methods of dispersion compensation. The understanding
of subtleties in material dispersion quickly led to Thsapphire lasers producing pulses is the
10 fs range without external pulse compression.5”: 70 The extraordinary mechanical simplicity
of modern femtosecond pulse Tisapphire taser systems is stimulating commercial interest, 7l

11.5.8 Coherent Mira Femtosecond Lasers

The Coherent Mira lasers are ultrashort pulse Thsapphire lasers. The Mira 900-F is a
femtosecond pulse laser with output pulse widths from 100 to 200 fs. The laser is tunable
from less than 700 nin to more than 1000 um by changing mirror sets. The Mira 900-P is
very sirnilar in overall design to the 900-F, except the optical cavity has been optinsized for
operation near 1 to 2 ps (see Figure 11.33), , '

The optical cavity for the femtosecond Mira 900-F is illustrated in Figure 11.34. The
pump beam enters at M4, and mirrors M4 and M5 are transparent to the pump light. Mirrors
M2, M3, M4, M5, M6, and M7 are highly reflective over the Tisapphive wavelengths.
Mirror M1 is the output mirror for the laser. The cavily can also be run as a cw cavity
by simply moving prism P1 and using the mirror combination M1, M2, M3, M4, M5, M3,
and M9.

The Mira 900-F is typically pumped by an 8 to 15 W argon-ion laser, Avemoe output
power ranges from 270 mW (LW mirror set pumped by an 8 watf argon-ion laser) to 1100
W (SW mirror set pumped by a 14 watt argon-ion laser). The repetition rate is 76 MHz
with a beam diamater of 0.7 1o 0.8 mm and a divergence of 1.3 to 1.7 mrad.

The Mira 900-F uses Kerr-lens mode-locking (see Seetion 11.5.7), where the nonlinear
element is the Ti:sapphire crystal. A hard aperture is provided, rather than relying on the soft
aperture of the nonlinear focusing. GVD compensation (see -Section 11.5) is accomplished
using a pair of prisms Pl and P2, A birefringent filter (see Seetion 11.4.2) 15 incorporated
for broadband tuping,

Femtosecond Ti: wpphnc lasers usmg GVD compensation do not start mode~lockuw
spontaneously. Some transient change in cavity length is typically required to initiate the

0. Asaki, C. Huang, D. Garvey, . Zhou, H. Kapteyn, and M. Murnane, Opr. Lext. 18:977 (1993),
1, Christov, M. Murnane, H, Kapteyn, J. Zhou, and C. Huang, Opt. Left. 19:1465,

Tty Knox, “Practical Lasers Will Spawn Various Ulirafast Applications” Laser Focus World Fume: 135-41
(1996).
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Figire 11.34 A schematic of e Mia fomtosecond haser cavity. (Comésy of the Cohesent, Inc.,
Lased Group, Santa Clara, CA)

mode-locking process. (Ti:sapphire vesearchers typically start the lasers mode-locking by
tapping on'a mirror!) The Mira laser incorporates a novel transient-length variation technique
that creates a sufficiently ghort pulse to start the mode-locking process.

The optical cavity for the picosecond Mira 900-P is illustrated in Figure 11 35. 'The
pump beam enters at M4, and mirrors M4 and M5 are transparent to the pump light. Mirrors
M2, M3, M4, M5, M8, and M10 are highly reflective over the Ti:sapphire wavelengths.
Mirror M1 is the gutput mirror for the laser. The cavily can also be tun as 3 gw cavily by
simply moving prism P1 and mirror M{0 and using the mirror combination M1, M2, M3,
M4, MS, ME, and M3,

S

M8 M10 M

Pump Laser
o M””
Mé

Figure 11,35 A schematic of the Miva picosecond laser cavity, (Coustesy of the Cohevent, Inc.,
Laser Group, Santa Clara, CA)
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The Mira 900-P is typically pumped by an 8 to 15 W argon-ion laser. Average outpul
power ranges from 270 mW (LW mirror set pumped by an 8 watt argon-ion laser) to 1300
mW (SW mirror set pumped by a 14 watt argon-ion laser). The repetition rate is 76 MHz
with a beam diameter of 0.7 to 0.8 mm and a divergence of 1.5 to 1.7 mrad.

The Mira 900-P also uses Kerr-lens mode-locking (see Section [1.5.7), where the
nonlinear element is the Ti:sapphire crystal. Again, a hard aperture is provided rather than
relying on the soft aperture of the nonlinear focusing alone. However (unlike the Mira 900-
F) GVD compensation (see Section 11.5) is accomplished by removing prism P1 and using
a Gires-Tournois interferometer.” A bitefringent filter (see Section 11.4.2) is incorporated
for broadband tuning.

EXERCISES

Overview of trausifion-metal solid-state tunable lagers )

111 {design) Obtain a copy of B. D. Guenther and R. G. Buser, IEEE Journal of Quunitum Elecivonics
QF:1%:1179 (1982), Read it und compare the predictions of 1982 with the actual development
of tunable solid-state Tasers between 1982 and today. Your answer should include:

(a) a bried summary {one or t\m paragraphs) on lmw it wag pereeived in: 1982 that mxmbk
lasers would evolve, :

(b} o briof sumunsiey {one oF two paragraphs) on the actual evolution, and

(e} a table comparing the predicsed developmient with the actual development,

11.2 (dﬂswn} Obtaine a copy of €. Pollock, 1. Barber, §. Mass, and 8. Markgraf, JEEE Journal of
Selected Topics in Quantwn Blectronics 1:62 (1995), Read it and summarize the predictions
far-the fature in the development of solidsstale Tasers. Your answer shoudd be o the fonn of
(a) a few sentences deseribing the currennt pereption on solid-state laser development, and
(b} 4 table or list summarizing future developnents,

Trausition-tuetal solid-state tunable laser materials
113 (design) Obtain manufactrers’ data sheets for ruby, Nd:YAG, alexandrite, and Tisapphire.
(You may wish 1o coordinate with vour classmates to avoid having a large number of peuple
contacting the same vendor) Construet a table compating the optical and physical properties
of these shaterials, Compare and contrast the materials. Your answer should include:
(a) o supumary table, and
(b) sever al paragraphs discussing the relative advantages and disadvantages of the matenals

Ring lasers

114 (esign) In tmng a HeMNe laser as an alignment laser, it is quite comimon 1o observe a farge
‘oscillation when the back reflection from a flat optical component is redirected back info the
slignment, HeNe!, Explain what Is going on, ‘

115 (design) Congider an optical system composed of, a polarizer, 4 Faraday rotator, and a half-
wave plate. Further assume that the Faraday votator has been built so- that it ¢hanges the linear
polarization by 20 degrees,  (For example, for a vertically polarized input CCW wave, the
direction of the lnear polavization emerging from the Faraday votator is 20 degrees from the

_ 72Anthony E. Siegman, Lasers (Mill Valley, CA: University Science Bovks, 1986), pp. 348-49.
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116

vormal,) Using diagrams similar to Figure 11.17, explain the effect that this element would
have if installed in a typical ring laser.

{design)y Creating unidirectional oscillation is a very important design issue in ring lasers. The
text mentions using an external cavity or a Faraday rotator to create unidirectional osciilation.
Propose at least one other method for achieving unidirectional oscillation in a ring laser. Your
answer should include: ' v

(a) a sketch of your idea,

() a reference if it is ot an ong,mal idea, and

(&) afew sentences discussing the idez.

Birefringent crystals -

117

Assume that you have two identical-polarizers orjented with their polarization axes at 90 degrees
i each other, Assume youi have an incident unpolarized white light souies of an intensity of
100 watts/em?®. Assuine both polarizers have Ag=0.5and Ag=55 over the range of the white

- light source. How much light is transmitted through the polarizers? Now, add a third identical

11.8

119
1110

1113

polarizer in-between the two crossed polatizers, oriented at 45 degrees to éach original polarizer.

How much light is now transmitied throagh the thiee polarizers? How much fight would be
transmitted if the three polarizers were perfect? Explain,

{design) Use foam core and pins to construct a model of the indicatrix for a negative uniaxial
crystal. (This can be done by cutting two foam-core ellipses with », and no major axes, and
one foam-core circle with an n, radius. Then, one of the ellipses is-cut in half, and one is cut
in quatters, The steuctire is then rfeassembled as an indicatrix wsing the pivs, The model can
be further enhanced by adding a k-vector and the asseciated ellipse using a different color of
foam core.)

(design} Repeat the prevmu's problem, but build 4 pe*;ztwe uniaxial indicatrix,

(design) Repeat the previous problem, but build an indicatrix for a biaxial crystal, Biaxial
crystals have avo optical axes. Lotate them on the indicatrix onee it is built.

Consider the general problem of propagation through a positive or negative uniaxial erystal,
Determine an equation that allows the daleulation of 7:“(9 &) and. 11,09, ¢) Tor an atbitrary 6
and g given n, and 1. of the original crystal.

, Consider the following uniaxial erystals.

Crystal e i,
Quartz - 15443 15534
Rutile (Ti0,) 2616  2.903

Calcite 1.6584 14864

Assuine that you are propagating a beam at 35 degrees to the optic axis {as measwred from the
aormal) and, midway between the x- and y-axes (i.e, at 45 degrees to each axis). Deterinine
the observed n,(d, ¢) and the n.(&, p) for all three systems.

‘Wave plates

11.13

Assume that you ate on an interview for a job in optics and the interviewer hands you two
identically appearing optical elements. She tells you that they are a quarter-wave plate and a
polarizer. She asks you to figure out which is which. Describe what method you would-use
to distinguish between the elements using only itéms present in a conventional interviewer’s
office.
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1114 Cousider a wave plate fabricated from calcite (n, = 1.6584, n, = 1.4864). How thick must the
wave plate be in order to operate as a quarter-wave plate with a A/2 phase shift? Assume the
wave plate is to be used with a 632.8 nm laser.

Birefringent filters

11.15 Create a program that predicts the transmission of a birefiingent filter. Use this program to
calculate the transmittance of a three-stage filter fabricated from quartz, Assame the snallest
element is 0.6 nun thick and that the ratio is 1:2:15. Assume the filter is installed at Brewster’s
angle and that the rotatiopal angle is 50 degrees.

11.16 The ealeulated transmission function of a birefiingent filter really does not iffustraté the true

value of the filters when installed inside a lager cavity, Combing the birefringent flter anal-

ysis of Section 11 4.2, with the pumping consiraints discussed in Section 5.6 to predict the
gutput intensity (as a function of wavelength) for a Tisapphire Taser with 4 birefringent filter
installed ingide the laser. Assume the Ti:sapphire laser is the Coherent model 890, discussed
in Section 11.4,3. Assume birefringent filter is the one in Exercise 11,15, Your answer should
include: ,
(a) a brief (a few sentences) analysis of how you attacked the problem,
(b) a listing of your agsumptions, 4
{£) a congise summary of your final equations, and
(d) a plot of intensity (y-axis) versus wavelength {x-axis) for the laser.

The Coherent model 890 and 899 Tisapphire lasers

1117 (design) Obtain data sheets from two major manufactuters of ow Tisapphire lasers. Compare
dnd contrast the laser systems. (You may wish to coordinate with your classmates to avoid
having a Jarge smumber of people contacting the same vendor.) Your answer should include:
{a} a table comparing the various features of the lasers, and
(b} several paragraphs discussing the relative strengths and weaknesses of the taser systems,

. The design of femtosecond lasers

1118 (design) Obtain copies of O. B, Martinez, R L. Fork and J. P. C‘mdcm, Opt. Leit, 9156 (1984)
A Valdmanis, R, L. Fork, and 1. P. Gordon, Opt. Ler. 10:131 (1985% and D. E, Speuce,
P, N: Kean, and W, Sibbest, Opt. Letr, 16:42 (1991). Each of these papers Is representative of
the state of the art at the tinie' the paper was written, Read the papers, and develop a summary
of the development of the state of the art in group velocity dispersion (GVD) compensation.
between 1984 and 1991, Youranswer should include 2 brief (three to five paragraphs) sununary
of the development of the state of the state of the art in GVD compensstion between 1984L and
1991,

11,19 (design) Measuring the width of femtosecond pulses is 2 real challenge! Owé type of indifect
measorement technique is discussed in the text. Propose two other possible ways for measuring
the pulse width of femtosecond pulses. Your answer should include
(8) two simple’'skeiches of yous: proposed schemes for measuring the pulse width of femtosee-

ond pulses, and
(b) a few sentences on each approach (with caleulations as appropriate) describing the advan-
tages and dxeadvmtagee of the approach.

11.20 (design) Do sonte library research, (for example, check recent issues of trade journals sueh
as Laser Focus World and Photonics Spectra, and recent issues of academic journals such as
the 1EEE Jownal of Quantum Electyonics, Applied Physics Letters, and Optics Leiters). and
determine the curent state of the art in femtosecond-pulse lasers. What do you think is the -
shortest possible pulse length? Your answer should include:
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(a) a one- to two-paragraph deseription of the state of the art in femtosecond pulse lasers
(including references!), and

(b) a one- to three‘—parégfaph summary of your opinion {(supported by facts, references, and
calculations) of the shortest possible pulse length from a femtosecond-pulse laser,

The Cohervent Mira femtosecond lasers

11.21 (design) Obtain data sheets from two major manufacturers of femtosecond-pulse Ti:sapphire
lasers. Compare and contrast the laser systems. (You may wish to coordinate with your
classmates to avoid having a large number of people contacting the same vendor.) Your
answer should include:
(ay a table comparing the varions features of the lasers, and
(b) several paragraphs discussing the relative streripgths and weaknesses of the laser systems.



Ubjectives

Larbon dioxide lasers
= ‘To summarize the generic characteristics of the CO; Jaser, :
2 To describe the various energy states of the CO; Jaser and 0 sumimarize how these
states intecact with gach other.
¢ To summarize the sequence of historical events leading 10 the development of the
£05 luser,
& To deseribe the major charscteristios of waveguide versus frée space COy lasers.
= To deseribe the construction of a commercial wavagnide OOy laser
Exctmer Insers
& To summarize the generic characisristics of the excimer lasér.
» To describe the various energy states of the excimer laser and 1o sumarize how
these stales interact with each other,
» To summarize the sequence of historical events leading to the development of the
gxcimer laser. .
» To describe the general design principles underlying excimer lasers, These include.
prejonization, corona discharge cirenitry, and main discharge circuitry.
= To deseribe the construction of 2 commercidl excimer laser,
Semiconductor diode Insers
¢ To summarize the sequence of historical events leading to the development of the
semaconductor laser, ‘
» To describe the energy band structure of the semiconductor divde Iaser.
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a . To summarize the process of pumping the semiconductor diode laser with a PN-
junction,

e To describe the prosess of creating a semiconductor laser cavity by cleaving the
semiconductor material,

& To describe the similarities and differences betwem homostracture and heterostnic-
ture semiconductor diode lasers.

# To describe the importance of vertical and hortzontal confinement in designing
semiconductor laser struciures,

@ To deseribe the major verticad and horizontal confinersent skructures,

& To dascribe the general physical principles governing the design of quanturm wells,
with special emphasis on the importance of the width of the guantum well in
determining the optical woperties of guantum well laser diodss.

12,1 THE DESIGN OF CARBON DIOXIDE LASERS

C0; Insers operate over a seriey of vibrational and rotational bands in the regions 9.4 and 10.6
wo. They are both high-average-power and high-sificiency laser systems. Commercially
available cw COy lasers range in power from & watts to 10,000 walts, and custom lasers are
available at even higher powers, Small (2 to 3 feet long) CO; lasers can produce hundreds
of watts of average power ab an efficiency of 10%. Larger €Oy lasers can prodice many
kilowatts of ow powst. COy lasers are widely used in such diverse commupecial applications
as marking of electronic components, wafers, and chips; marking on anodized aluminum;
. tophy engraving; acrvlic sign making; rapid prototyping of 3D models: cutting of ceramics,
textiles, and metals; carpet, sawblade, and sail cutting; deilling; thin film deposition; and
wire stripping (ses Figure 12.1). They find agpmatm in the medical field for laser surgery,
and in research for spectroscopy and remote sensing. Military applications include imaging,
mapping, and raoge-finding. They have slso been used in inertial confinement fusion a5 an
alternative to large glass lasess,

T4 i3 a laser fnaterial totally unlike the materials discugsed so far in this text. Con-
verrional lasers Jsse off of electronic transitions between various atomic states, COy Jasors
lase off molecular iransttions between the varous vibrationsl and rowtional sties of €O,
Asoong other things, this means that OO lasers have a longer wavelength and higher effi-
cieney than most conventional lasers, Additionsl information on CO; lasers can be found
in Cheo,! Duley,® Tyte,” and Witteman* Additional information on high peak power and
gas dynamic €O, lasers can be found in Anderson,” Beaulien,® and Losev.’

Ypeter K. Cheo, Handbook of Melecutar Laszrs (Mew York: Marcel-Dekker Ine,, 1987,

W, W. Diley, CO; Lasers: Effects and Apphications, (New York: Academic Press, 1976).

D. C. Tyte, Advances in Optical Blecrronics, Vol. I, ed I W. Goodwin, (Mew York: Academic Press,
15793, pp. 125198,

AW, 1. Witteman, The C0; laser (Berlin: Springer-Verlag, 1987),

Sohm Anderson, Gasdynaiiic Lasirs: An fgroduction (New York: Academic Press, (978).
51, A, Beaulien, Proc. FEEE 59667 (1971,

75, A, Losey, Gasdvnamic Laser (Berlin: Springer-Verlug, 1981).
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Figave 120 Corbon dioxide taser outting system. (Courtesy of Synsed, Mokileo, WA,
gnd Semmsgraphics)

12,41 Introguction to 00, Laser Blates

Consider the CO; miolecule as depicted in Figure 12.2. There are three normal modes of
vibration possible in this moleoule: the symmetric streich mode, the bending mode, and
the asymimelric streich mode. The states are labelsd by 2 volstion (py, pe, p3) where the
subscripts refer to the various normal modes and where p is an integer corresponding to the
sumber of gquant in the mode. Thus (001) is the state with one quanta in the asymmetric
stretch mode and (200) s the state with two guanta in the synupetre stretch mode. The
total vibrational ensrgy of the CO; moleculs is expressed as

EQuy, wm, v3) = by (m + 5) + hiy (pz + %) + by (Pa -+ %) (2.1

where vy, i, vy represent the frequencies of the particular modes.®

awmnon Yaty, Optical Elecrronics, 4th ed, (Philadelphia, PA; Saundess College Publishing, 1991), p. 242,
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O Carbon gioxids moleculs
Syrunetric stretch made
Bending mods
Asyrametric stretch mods

Figure 122 Norrosl modss of the cachon dioxide molsonle.

The €Oy molecules can also rotate, resulting in a series of closely spaced siates char-
acterized by the rotational guantum number J. The rotational energies of a given vibrational
state [ relative 1o the J = 0 level are piven as

Ei g = heo B J (T + 1) —he, DIHT 4 1) (12.2)

where 8 and I ere copstants.’

The principal laser transitions in €0 are the (001} to (100) 106 pm transitions and
the (0013 to (020) 9.4 um toansitions (see Figure 12.3). Bach of the levels (001), {1003, and
{020) consists of » series of rotations! states. Transitions in UO; ococur between states where
Fsag > (F + Dpven. (teomed the P-branch) sod Joag — (J ~ Dgeen (fermead the B-brangh).
{See Figure 124

If no wavelength discrimination is provided in the cavity, the P-branch of the (001) to
(100} 10.6 pumn transition will dominate, However, if wavelength selection is provided (by &
gratiag, fof exatnple), it is possible to lase o any of the allowed P- or R-branch transitions.
Notice, however, that since both the (00D-+(100) and the (001)-+(020) tansitions share
the same upper laser fevel, then the {001)->(100) transition must be supprossed for the
{001)~> (100} transition 1o lass.

The majority of COy lasers contain a mixture of three gases (O, Mo, and Hejin a
roughly 0.8:1:7 ratio.'® The €O, is the laser gain material. The W, has only one excited
mode (the symmetrical steetch mode) and the energy of the (1) Ny vibratien nicely aligns
with the (001) upper state of the CO; molecule (ses Figure 12.3), Bince the My vibrational
states are metastable (very long lifetimes) the energy in the (1) My transition (plus a litle
kinetic energy) can be transferred to a €Oy molecule as a means of populating the (001

2 gonnon Yariv, Quantum Blecironics, 2d ed. (Now York: John Wiky and Sens, 19753, p. 213, Appendix 3,
0% W, Duley, €0, Lasers: Effecis and Applications (New Yotk Academic Press, 1976), p. 16.
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wpper COy level {notice that the M- COy coergy transfer 18 very similar to the He-Ne ep-
ergy trangfer in HeNe lasers; see Section 2.1.3). The helium in the gas mixture provides
cooling by means of thermal transfer to the walls (helium is a very thermally conductive
zaz). Helium also plays & role in optimizing the kinetic energy of the My molecules for
maximom epergy transfer between the Nz and COy.

Because of the metastable N and the match between the (1) Ny level and the (001)
0, level, the conversion efficiency between input electrical power to power in the upper
laser state §s 50 to 70%:. Since the quantum efficiency is roughly 45%, this means that CO,
Insers can operate at extremsly high efficiencies (10 o 35%).

12.1.2 The Evolution of £0, Lasers

The first demonstration of laser action from €O, was reported by Patel in 1964,1113.13
The concept of using Ny to transfer vibrationdl energy from the electrical discharge o the
0y was recogoized by Legay and Legay-Sommaire in the same year' and the idea of
incorporating helium for cooling was first proposed by Patel a year later.’ During this
period of rapdd development on the €Oy lIaser, Patel and other researchers were able to
improve Patel's original 1 mW output to roughly 100 wates 161718

The first COp lasers were constructed from long tubes of glass where the desired laser
mixture flowed through the glass tubs (soe Figwe 12,5}, Blectrodes in the gas generated
a plasma arc to excite the Ny molecules into their syrometrical stretch mode. Although
the very first demonstration of laser sclion from €Oy used RF excitation; systerny soon
converted to DC excitation for increased power.”

‘The original glass tube CO, lusers operated at low pressutes with the electrical dis-
charge running longitndinally down the cavity, As a eonsequence, operating pressures were
low due to the necessity to create and maintein 2 plasina over a long distance, However, in
1970, Beantiew” first reported operation of an stmospheric pressure CO; laser by exciting
the discharge transversely to the cavity (see Figure 12.6). These Transverse Excited At~
mospheric (TEA) lasers offered higher gains and greater output powers than longitudinally
excited lasers.

He gM Patel, Phys. Rev. Len 12:588 (1564).

B RN Pael, Phys Rev. Les 13; 617 (1964),

BCOK N, Pael, Phys. Rev. 13641187 (1964),

s 28 Legay and N, Legay-Sommaire, O B dcad 3oi, 239B:99 {1964).

e RN Patel, BKL Tien, sod §. B, MoFee, Appl, Phys, Let, 7290 (1965}
BCK, N Patel, Phys. Rew. 136:A1187 (1964),

7N, Legay-Sommaire, L. Henry, and ¥, Legay, C.R. Acad. Sci. 2608:3338 (1965).
BCORN Patel, PR Tien, and 1 H, MoFer, Appl. Phys. Letr, 7290 (1965),
9C, K. M. Patel, Appl. Phys. Lett. ‘115 (1965),

VA Y Bewilion, Appd, Phys. Lett, 16:504 {1970),
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B17{1964). Reprinted with the permission of the author)

The CO; laser (Rswitches exceptionally well and Q-switched oprration was reported
in 1966 by a number of researchers including Flynn,2b% Kovacs,® Bridges,® and Patel
However, the narow bandwidth of €O, (approximately 50 MHz), means that physically
Tong lasess ate required to effectively demonstrate mode-Jocking. In spite of this difficulty,
the first mode-locking of a conventional CO; laser was reported in 1968 by Caddes,® and
Wood and Schwartz. 7 High-peak power can also be obtained from €Oy Iasers by pulsing
or gain switching the lasers?® TEA lasers are especially well-suited for production of
high-peak power CO; laser pulses,® _

o 2 conventional €0 lassr, the output power will increase as the gas flow 1s Increased.
This increased power is thonght 1o be due to enbanced conling 2nd more effective removal
of dissociation products such as CO and Oy from the €O discharge.™ However, in many
applications, it is not possible to support the peripheral equipment for handling flowing
gases and a sealed laser configuration ¥5 required. In a sealed laser, the lack of gas flow
means that some mechandsm must be provided to regenerate the dissociated gas products

U, W, Flyag, M. A, Kovass, ©. K. Riades, and A, Javan, Appl, Piys. Let, §:53 {1966,

24, W, Flynn, L. O Hocker, A, Javas, M. A. Kovaes, sad O X, Rhodes, JEEE 7. Duan, Elae. (B-2378
(1968},

By W, Py, Le O, Hocker, A, Javan, M. A, Bovess, and C. X, Rhodes, IREE L Quan. Blee. QE-2:378
(1966,

7.7, Bridges, Appl, Phys, Lett. 9:174 (19686).

BOOR N Patel, Phos Hevo Leti, 16:613 (1956).

By, B Caddes, L, M. Cstorink, and B Toeg, Applc Phys, Lett 12:74 {1968),

B0, R Wood and S, E. Schwartz, Appl. Phys. Lett. 12:263 (1968),

Ba. B Hill, Appl Phys, Lett 12:324 (1968).

By W, Dulsy, COp Laserss Effects and Applicmions Mhew York: Aeademic Press, 1976), Chapter L

Wpye, 1. €., in Advances in Optical Electronics, Vol 1, ed DY, Goodwin (New York: Academic Press,
1970), pp, 167168,
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(particularly the oxygen species) back into CO,. If these products are permitted to react
with the tube walls, the chemical equilibrium of the plasma is disturbed and additional

' dissociation products are formed. Various regeneration methods include adding additional
gases, periodically heating the tube, or incorporating catalyst alloys on the electrodes. Sealed
lasers demonstrating such regeneration methods were first developed by Wittman in 19653
and further developed by Wittman®® and Carbone.»

The initial use of Bowing gases to improve the output performance of CO; lasers led
fo the development of another fascinating way o pump COy. The basic idea is to begin
with a hot equilibriun gas mixture and then to expand the mixtue through a supersogic
nozzle, This lowers the teraperature and préssure of the gas mixture in 2 thime short compared
to the upper state lifetime, When this occurs, the upper Iaser fevel cannot track with the
temperature and pressure changes and so remains at its initial values. In conirast, the Jower
level population drops dramatically, The result is & population inversion that extends some
distance downstream of the supersonic pozele (see Figire 10.7). Lusers using this type
of pumping are called gas dynamic lasers and were first suggested by Konyukbov and
Prokhorov™ in 1966 and demonstrated by Gerry™® and Konyukbov.>

The most spectacular Torms of ges dynamic lasers are those run using Jet or rockst
engines as the pump source, The basic ides is to create & laser gas mixture by burning some
type of fusl that generates the COy. The fuel sonrce is often ignited with a methanol bumer,

i‘ii’l\!!’il}i Mffrﬁf

PoRBLedlivan o0

L\

Cathodes

SIW. I, Witteman, Phys. Lett, 18:125 (1965).

3%, 1. Winemen, IEEE J. Quan. Electron, QE-5:92 (1969).

By, J. Carbone, IEEE J. Quan. Electron. QB-5:48 (1969),

My K, Konyukhov end A. M. Prokhorov, JETP Lett. 3286 (1966).

%, T, Gurry, JEEE Specyrum T:51 (1970).

Wy R, Konyukhov, L V. Matrosov, &, M. Pmixhomv, D‘ T. Shalunov, sud N, ¥, Shirckoy, JETF Lett,
12:321 (1870).
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Figure 128 The most spretacular forms of gas dyaamic lasers are those run using jet
ar rocket englags s the pump sowres. (From B T, Geexy, JEEE Spectrum 1251 (1970).
@1970 IEBE)

which also injects water into the mixture. (The water is used to decrease the lifetime of
e lower laser state.) Extra nitrogen is added o improve the excitation of the €0y, The
resulting mixture is then compressed by the engine and allowed to expand out through a
series of supersonic nozzles, The opticel cavity is then located sideways across the expansion
chamber (see Figure 12.8).%

V8, 1. Gerry, IEEE Spectrm 7:51 (1970):
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Figure 148 The construction of an eatly wavegnide carbon dioxide laser. [Reprinizd
with permission from T, 5. Bridges, B G. Burkhardt, and P. W, Bmith, Appl Phys. Lais
20403 (19725, ©I1972 American Tostitute of Fhysivs.)

12.4.8 Waveguide C0; Lasers

One very good method for improving CO; laser performance s to decrense the bore zize
of the laser. This increases the number of gas collisions with the bore and significently
» enhances the cooling rate (see Figure 12.9), If the elecirodes ure Jocated transversely (rather
than longitudinally) in the laser cavity, then the possibility also exists of using the electrodes
themselves as an optical waveguide, this permitting an even smaller bore size, The use of
such & wavegoide allows increased gas pressurs with the attendant sdvantages of improved
gain and larger linewidth, Operation in a wavegnide mode also offers some additional
advantages in alignment stability. The concept of a waveguide CO; laser was first proposed
in 1964 by Marcatili and Schimeltzer’® and later demonstrmed by Steffen and Kneubuht™
and Smith?Y Transverse-excited waveguide lasers are disclosed by Smith in U.5. Patent
#3,815,047.4

Waveguide lasers use a small bore to confine the laser beam. The bare is itself an
optical element, composed of two or four optically reflecting walls. Conventional mimors
are placed on gither end of the cavity, but funlike a conventional free space laser) these
mirrors do not defise a Gaussian beam in the cavity. Instead, the laser establishes various
stable modes inside the bore {not unlike the modes in o laser fber or 4 zig-zag slab laser).
1 §s also possible to control the roode formuation by introducing axtifacts inside the bore that
force the development of stable reflecting points.®

BE AL L Marcesili and R, A, Schueltzer, Bell Svr. Tech, J 63:1783 (1964),

394 Sreffen and B, K. Kneubuhl, Phys, Lem 27A:812 (19685,

0P W Smith, Appl. Phys. Len 13132 (1971

Hppree W, Smith, “Transversely Exclied Waveguide Cias Lasgr,” 118, Patent #3 815,047, June 4, 1974

Dpeser Laskrnnn, “Sealed (O BE-8xcited Gas Lasers and a Method for ’I’be'ir Manufzetre,” LB, Patent
#5,065,805, Novembey 12, 1991,
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Wavegnide lasers are typically differentiated from free space lasers by a number cauwb
the Fresnel number. This is defined as

a*

Lo

where ¢ is the beam radius (for 2 cylindrical laser) or 172 the beam width (for 2 s,:;uﬁm
iaser), L is the length, and A, the free space wavelesgth. A laser with a Fresnel number of
less than 0.5 is a true wavegnide laser. A Jaser with 2 Fresnel number of greater than aboyy
10 is a true free space laser. Lasers with Fresnel numbers around 1 are intermediate lasers
that have some of the features of both classes.®

Wavegnide lasers are typically smaller, lighter, sasier to align, and cheaper than ihe;r'
glags twibe ancestors. They also bave significantly lower operating voltages, as the gag
discharge must only be sustained transversely across the bore (a few millimeters) rather
than longitudinally along the tube (many centimeters),

F o=

2.3

12.1.4 A Typical Modern CO, Industrial Laser

The remainder of this chapter will focus on a family of sealed low-power CO; lassrs
representative of modern commercial lasers used for fndustrial Iaser machining applications
such as cutting and marking {sée Pigure 12.10). The specific units under discussion are the
very popular series 48 sealed CO; Insers manufactured by Synrad in Mukilieo, Washington,
TU.8.A. These lagers represént an excellent examplé of modidar desipn and are available in
three power levels (10W, Z5W, and 50W). (See Figore 12.11)

CO, lssers can be operated with flowing gases or in & sealed configuration. Sealed
iasers (such as the sedes 48 lasers) have obvicus advantages in the indusirial workplace
us they do not require complex gas handling systems. Sealed lasars are only commercially
available up to approximately 250 watts, The cross-over point between sealed laser 1ech-
nology and flowing geses technology Iy roughly 1 KW, and driven primasily by size and
manufacturing constraigts ‘

Watar-cooling is amother critical issue in CO; laser design. Although €0 lasers are
exceptionally efficient, 10% efficlency still msans that 90% of the input power ends up
somewhere 2lse, usually as beat in the chassis. If the laser geis ton bot, then the Tower
state population increases, and the laser performance drops. With good heat sink design,
sealed CO; lasers can be operated in air-cooled mode up to spproximately 25 watts. Past
that power level, water-cooling is typically required.®

Design and manufacture of the serles 48 module,  The basic series 48 module
is described in ULS. Patent #5,065.405 (Peter Laakmarn, “Sealed Off RF-Excited Gas Lasgrs
and a Method for Thelr Manufacture,” Moyeraber 12, 19913 and the technology is discussed
in 1.8, Puent $4,808,182 (Peter Laskmany, *RFE-Excited All-Meatal Gas Lass:tr,” ?ebmary 14

Hpeter Laakmaan, “Sealed DI RE-Eacited Gas Lasers and a Method for Their Manui’acmrc, 1.8, Pawt
#5,065,405, November 12, 1991,

i peter Lankenann, “Using Low Power CQ; Lasers in Indusiial Ap;ﬁ;calwas Synrad Application Note,
“Peter Loskmann, “Using Low Power (0 Lasers in Indostrial Applications,” Syarad Applicaion Note.
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Figore 1210 Typical products matked by o carbon dioxioe Iaser. (Comtasy of Symad)

1989), The key points of the design and manufacturing are deseribed below and additions)
details may be found in the patents,

The basic series 48 module consists of two extruded ghuminum electrodes and two
extruded aluminnm ground plane stips (see Figure 12,123 The inner surfeces of the elec-
wodes and ground strips are optically reflective af 106 pum. {The electrodes are typically
anodized with a § pom hard anodization to improve discharge stability sed RE breakdown
characteristics. ) The top and bottom electrodes are identical and measure approximately

"1 em by 2 cm by 40 ¢m long. The left and right ground plane strips are also identical and
measure approximately 2 cm by 4 cm by 40 om long. To raduee costs, the overall shape
of the electrodes apd ground planes is predefined by the extrusion process and only minor
post-extrusion machining operations need to be performed.

The inner swrfaces of the electrodes and the grovmd steips define the optical cavity of
the laser. The bore of this cavity measures roughly 5 mm square, which gives the ovemsll

By ¥, Zhang, 8. R. Byron, P. Lankmann, znd W. B, Biidges, Uleo 94, 1994; Tech Digen Serles, Vol &,
Q4CHIAE3-T, pp. 358-9.
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Figure 3211 The Sytead series 48 seafed carbon dioxide lasers. (Courtesy of Synred)
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oot Figare 1212 The Synrad electrodes and
Basic sxbruded slectrods ground plane strips,

iaser systers & Presnel nomber of spproximately 1.5 and 2 dismeter to length ratio of approx-
imately 0.015. Thus, the laser operates in the intermediate regime between full waveguids
operation and full free space operation. In this intermediate regime, only 2 fraction of the
power of the optical wave interacts with the walls of the cavity. This fraction is high enough
to oistain 3 good.opticst A1 factor, but not so high as fo create large losses due to absorption
in the optical cavity struchure, .

if the optical surfeces of the elecirodes and the ground swips are perfectly flat and
aligned, then spustous reflections from the surfaces may cause sherrationyin the output mode
pattern. By deliberately introducing artifacts into the cavity geometry, thess aberrations
may be reduced or sliminated. Two types of antifacts have been found to be successful
in reducing mode aberrations. The first artifact consists of slightly tapering the walls of
<« the bore. In this method, the bore is made slightly larger near the end mirror than at the
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front miirror. The teper angle is quite small, typieally less than a milladian, The second
axtifact consists of introducing small, sharp bends in the optical surfaces. The bends can
be in one elecrode and its adjacent ground stéip, or in two opposing slectrodes (or ground
strips). If the bend i¢ introdiced into the electrode and His adjacemt ground strip, then it
is a bend on the order of 5 to 10 milliradians. ¥ the bend is introduced into opposing
electrodes (or ground sivips), then it is on the order of 1 milliradian. These bends prevent
reflections off all four walls from adding in phase to produce competing modes snd parasitic
oscillations.

The two electrodes and two ground planes are assembled in a clean room. The
slepirodes and ground plane strips are slipped into an outer case as showsn in Figure 12,13
Small cermmic Deads are used to isolate the slectrodes from the ground plane steips. Larger
cermmic disks are used to isolate the electrodes from the outer case. Blectrical feedthroughs
(which also serve as gas fill ports) are provided in the oufer case.

A common cause of short Uiatimes in €Oy lasers is the accumulation of water va-
por. Water vapor can migrate through the o-ring mirror seals, or be formed by hydro-
gen combining with dissociated oxygen. An effective way 10 minimize contamingtion
due to water vapor is 1 introduce a getier into the cavity, A molecslar sieve getter for
removal of water vapor i3 typically inserted into the cavity during the initial assembly.
Following the initial assembly, aluminum miror mounis arg welded to both ends of the
twbe. The laser module i then subjected o a high vacuum bake-out process, This pro-
cess ramoves water s well zs the majority of volatile contaminants such as hydrocarbons
and hydrogen.

The bake-out process is followed by a passivation process where the laser module is
saposed 10 an oxygen-helium plasma, The passivation process produces numerous oxygen
species that react with the exposed aluminum parts and create aluminum oxides. (AbOs,
sapphire, is one of the many aluminum oxides formed by this process.) These oxides serve to
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prevent oxygen loss in the finished laser and extend the operating lifetime. The passivatioy
process also serves to clean the bore of the laser and prevent contamination of the mirrory
during operation.

The passivation is performed by generating an oxygen plasma within the laser bore,
To ereate all the oxides necessary for effective passivation, the plasma i5 operated at sey
eral different temperatures, and at peak excitation powers that exceed those the laser wil)
exporience in operation.

After the passivation i3 complete, the laser mirrors are added to the module. Although
nearly perfect mirror alignment is required for effective operation of a true waveguide laser,
the best mode guality and output power porformance of an intermediate regime laser i5
often obtained when the end mirrors are sligned slightly off-axis. The back mirror is 5
100% dielectrie costing on siticon (3 meter concave for the 10 watt series 48 laser). The
front mirror is fat with a partially reflective dielectric coating on ZuSe (95% reflectivity
for the 10 watt series 48 laser). The minvors are mounted against an o-ring seal and threp
ssnall sorews provide alignment adjustment: (Although the o-ring seal at first glance seems
like a potentislly unsatisfactory element, Synrad experience has shown them to work quite
well, The leak rate is approximately 1 em® of helium per year, not the limiting factor in
the laser lifetime, The g-ring mounts do not fall catastrophicslly, and provide a simple and
straightforward means to make alignment adjustments.*) _

Omee the mirrors have heen installed, the Taser is again subjected to a short vacuum
hake-out. This bake removes water vapor introduced by the mirror mounting operation. The
bake is relatively short (120°C for 8 houts for the 10 watt series 48 laser) to aveid damaging
the passivation layer. ' _

Once the bake-out is completed, the laser is carefully realigned and pemanenily filled -
with the operating gas wixture, The operating mixturs consists of roughly 7% xenon, 10%
COs, 13% Mz, and 67% He® (The xenon is added to lowsr the overall eleciron temperature -
and fmprove the cross-section of the (1) transition in Ma). ¥ The basic laser module is now
complele, '

The fisished laser module can be mounted in one of several differsnt housings. The
most common 1% to mount the laser In o simple housieg incorporating an integral heat
exchanger, Tha laser tube 15 in the botom of the housing, and thie RP glectronies to deive
the electrodes mounts in the top {see Figore 12,143 '

Expanding the basle module.  The basic 10 watt laser {s designed to sffectively
scale to higher powers. Two slectrodes, two ground sirips, and an R¥ driver define a 10
watt module, Four electrodes (of the same length 35 the 10 watt electondes), two grouad
strips (twice as long as the 10 watt ground sirips), and two RF modules define the 25 watt
module.

The two 25 watt modules are combined together in a simple but effective way 1o
form the 50 watt module. The standard 25 watt module lases with its polarization vector

P, Laskann, Lasers and Optronics Marchy 35-41 (1989)
g, Laskomasnn, "Using Low Powsr COy Lasers in Industrial Applications,” Synrad. Application Note,
Y, 1. Witterman, The COy Laser (Berlim Springer-Vertag, 1987), pp. 7475,
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Figure 1234 Symad ©0; serdes 48 iotecnal modules and housings, (Coutiosy of
Symead)
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parallel to the ground planes.™ I one 25 watt module is installed with its polarization
veetor vertical, and the second installed with its polarization vector horizontal, then the
“orthogonally polarized beams can be combined at the ouiput using a polarizing beam splitter
{see Figure 12.15),

The same modular scaling strategies sre applied to the RF drive slectronics, The'
single 10 watt module uses one RF driver board. The 25 watt module uses two identical
driver boards, and the 50 watt module uses four identical driver boards,

e

. Y. F. Zhang, §. R. Byron, P. Laukmann, and W. B. Bridges, Cleo '04, 1954; Tech. Digest Serizs, Vol. B,
HHCH3953.7, pp, 358-9.
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‘This, in turn, alters the plasma impedance and the ability of the plasma to excite the CQ,

© gas-dissociation-relatgd damage.
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Deslgn of the HF driver board.  Although the very early CO; lasers frequenty :
used a radio frequency (RF) discharge,™92-3%:54.35 this was considered by most researcher
to be an insfficient and inconvenisnt excitation source™® It was not uniil 1977, Whey
Katherine Laskmann began re-examining the use of RP-excitation for waveguide lasers 57
that the potential value of RF-excitation for small sealed waveguide Iasers became appmm"

Conventional CO, lesers use a longitudinal high voltage DC current 10 créale the
plasma. In a DC longitudinally excited laser, the output power is difficult to control eleg:
trically. Changing the voltage across the electrodes changes the character of the plasmy’

molecules. Thus, a rather small change in the exciting voltage can result in large changes
in the laser performance. Purthermore, the length and stability characteristics of the long
tudinal excitation make rapid changes in the laser parformance difficult

In the late seventies, Laakmans Elsciro-optics (started by Feter and Katherine Lask.
mann) developed the transverse RP-exéited COy laser. The meajor advantage of fransverse
RF-gucited tasers is that the output power can be electrically controlled over a wide range,
at rates of up to 20 kHz, (Figure 12,16 {llustrates the control of the oulput power by alte;
ation of the duty cycle for 5 kHz and 20 kHe operation from a 65 watt Synrad CO; lasery
Other advantages of RF-excitation include significantly lower voltages (hunudreds compared
to thousands of volis) and the possibility of longer laser lifetires due to reductions in

RE-excitation does have its costs. In particular, tansistor controlled RF-excited de-
vices have roughly half the wallplug efficiency of similar DC-gxcited units.® Additionally,
the power sepplies required for RF-excitation are typically more expensive than those in s
equivalent DC-excited unit.

The excitation frequency of the RF dischargs ranges from 2 value of approximately
vf2a to 50v/a, where a is the width of the laser bore, and v is the drift v%lauty of cletirons
in the laser gas. The drift velocity ranges from approximately 5-10°t0 1+ 107 cmifsec in a
typical OOy laser gas mixture.™ Thus, for a typical transversely excited RF discharge laser
systera, appropriate excitation frecuencies He in the UHP-VHF region. ;

In order 1o avold radio inerfersnce with other services, certain ISM ndusteial, Sci-
entific, Military} frequencies have been set aside by the FCC for industelal uses requiring

WL W Patel, Phys, Rev, IMuALIRT (1964).

52p Paschewite, L. Dosbee, R, Farreng, A, Triffet, and 2. Vavtier, €. & Hebd, Seanc. Acad. Sci, 260:3581
{1963}

I, Barchewitz, L. Dorbee, A, Truffet, and P. Vautier, € R, Hebd. Seanc. Aced. Sei 260:3451 (1965}

SR, Parreng, C. Meyer, C. Rossetd, 1. Dorbes, and P, Barchewitz, €, £ Hebd, Seanc. Avod, Sci, 2512817
{19635},

350, Rosserd, R, Paweng, and P. Barchewitz, J. Chin, Phys; $4:93 (1967).

56'2’}'&&. Ik £, in Advances in Optived Electromicy, Vol | ed DL W, Goodwin (New York: Acsdemic Press,
19703, p. 172.

R uherine Laakmann, “Waveguide Gas Lasey with High Frequency Transserse Discharge Excitagion,” U8,
Patent #4,169.251, September 23, 1979,

5p, Lagkmann, Lasers and Optronics {1989), pp. 3541,

5% atherine Laskmany, “Waveguide Gas Laser with High Fraquency Transverse Discharge Bxcltation,” 1.5,
Patent $4,169,231, September 25, 1979,
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large amounts of RF power. Thess 18M freguencies are vsed for larger RE OO, lasers aud
are 27.12 MHz sod 40.68 MHz. Snwmller lesers may operate outside of the ISM fequency
limits if the shielding is sufficiently good s0 that RF leakage is below FCC minimums. 5

Supplying power to the plasma of an RF-excited transversely pumped COy waveguide
Taser requires careful design. The RF voltage source typically has a very low impedance,
while the laser tube may have an impedance of handreds to thousands of ohans atits operating
frequency, A laser tubs with a square bore 4.8 mm in width and 37 cm long, with 2 leser gas
pressure of 60 tory; will have an impedance of approximately 200 ohns whes operating with
an output of approximately 15 waits. 5! The impedance increases as the power decreases,
und g several thousand ohms if the plasma is not ignited.

An impedance matching network typical of the Symrad series 48 lasers is described
in U.8. Patent #5,008,894, *Drive System for RE-Excited Gas Lasers,” by Peter Lagkmann,
The basic concept is illustrated in Figure 12.17. Ao RF power supply output stage is
connected through 8 transmission line to the pair of electrodes and ground strips forming
the wavegnide laser. The collector of the upper transistor in the push-pull output stage of
thie RF power supply is connected to the top electrode of the laser through the core of a 14
wavelength (at the laser operating frequency) transmission line. The lower transistor in the
push-pull output stage is connected through the cladding of the transmission line to ground
vig # blocking capacitor. A coil connects the top electrode to the bottom electrode of the
wavegnide laser. (This coil sepves to neuiralize the capacitive maactance and to generate
bi-phase gxcitation of the plasma. 2y A transformer is used to maich the impedance of the
fingl stage 0 the preceding circultey in the RF sowrce.

In & smell RP-cxeited OO loser (such as the Symrad 10-50 watt series 48 lasers)
the entire power supply and impedance maiching networks can be integrajed into a single

80p, Laskmann, “Lsing Low Power CO; Lasers in Industrial Applications,” Bynrad Application Note,
61p, Laskmiann, “Drive System for BR-Bxcited Gos Lesens,” {18, Patert $5,008,894, Aprll 16, 1991,
82p {aakmann, “Blectrioally Selt-Qsoillating BP-Bacited Gas Laser,” U.5, Patent #4,837,772, Juns 6, 1882,
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Figure 1237 An lmpedance watching network typical of the Synad serles 48 lusers. (From Peter
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Figure 1338 A fypicsl RF deive circuit for a waveguide carbon dioxide laser,

unit a5 {losteated in Figore 12,18, The input stage of the power supply Is o relagvely
conventional RF osciltator chrenit. The output stage is a push-pull stage and is integrated
into the Impedance mtching network as described in the previous pesagraph and in U8
Patent 45,008,894.9

53p, Laekemanm, “Drive System for RE-Bxoited Gas Lasers,” U5, Patent 45,008,894, April 185, 1991,
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12.1.5 Qplicel Components and Delectors for 00, Lasers

Window, mirrors and lsnses.  The long (10.6 ) wavelength and high average
power of CO; lasers lead to some difficulties in construction of optical systems. Conven-
tional glass optics cannot be vsed at COy wavelengths due to high optical absorption and low
~ thermal conductivity. Table 12.1 summarizes the important optical properties of materials

typically used for transmissive optics in €0 lasers. The alkali halides (such as KBr) tend
to have very low sbsorption, but are hygroscopic and reguire special coatings o survive in
- moist environments. The semiconductors (such as ZnSe and GaAs) are much more robust,
but with correspondingly higher sbsorption coefficients, Unformpstely, both germanium
{Ge) and silicon (81 sulfer from 4 thermal runuway problemi. Above 2 ceniain oritical Taser
intensity, as the sample heats, the absorption increases, and the sample beats more. This
feedback mechanism rapidly results in destruction of the sample.

TABLE 121 PROPERTIES OF MATERIALS USED IN OOy LABERS

Matsrial  Thermal expansion Thermal conductivity o (ot 106 pm
(=108 1°0) (%1072 W Lem °CY em™ty

Ball 389 5.5 1.34.10~32

¥Br 43 4.8 51078

ZnSe 1.7 13 6103

Cahs 5.7 37 121077

Si 4.2 120 v 2.5

Ge 6 - 59 36102

W, W. Duley, €Oy Loxers: Effects und Applications (New Yurk: Acadersic i’lmx. 1978), po 104, Table 34,

Zine selehide (Zu8e), a well-hebaved semiconducior with a relatively high thermal
conductivity and low absorption, is the typical choice for COy transmissive optics. ZnSe
does not suffer from thermal runaway and has the major advantage of belng transmissive
from 600 nmi to 11 wm. (This allows low power HeNe lasers to be used for alignment of -
0Oy systems.) ZnSe is available commercially as in the form of windows, dielectic-coated
partially-iransmitting mairrors, and lenses,

The very high average power typical of €O, lasers means that €Oy reflecting optics
must be thermally conductive as well as poor optical absorbers at 10.6 pm. Dielectic-
or metal-coated mirrors with single-crystal silicon substrates are the mirrors of choice for
lower-power COy lasers. Higher powser lasers use metal coatings (typically silver or gold)
on molybdenum or copper substrates. Molybdenum (with a thermal conductivity of 1.33
Wiem °C) offers roughly equivalent thermal conductivity as silicon, but is 2 much more
durable refractory material. Molybdenum may also be used without a surface metal coating
of gold or silver. (Uncoated molybdenum mirrors typically have reflectances on the order
of 98%.) Copper (with a thermal conductivity of 3.9 Wem °C) is much more thermally
conductive than eitber silicon or molyhdennm, bt significantly less rogged. Copper is also
difficult to polish and sxceptionally easy to scrateh during cleaning,

The long wavelength of CO; lasers does offer certain advantages during fabrication
of optics. Diffraction and focusing effects of scratches are roughly proportional to (1/4)%.
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Thus, 2 relatively poor fAnish by visible optics standards may be perfectly suitable for Co,
laser optics, Additionally, the longer wavelsagth permits fabrication of optics using Snch
methods as diamond turning. If properdy fabricated, a diamond tumeci COy reflector My
not need to be polished after fabrication.

CQ; laser detectors.  The long wavelength and high average power of CO; lasery
also lead to difficulties in oplical detection and laser power mesasurement. Several detec.
tion technologies are commeonly employed with CO; lasers to overcome these problems,
These technologies include thermopiles, bolometars, pyroglectric erysials, and long wave:
length semiconductor photovoltaic and photoconductive detectors. (For more details on
thermopiles, holometers, and pyroelectric crystals, see Section 8.4.)

The majority of photovoltaie and photoconductive semiconductor devices are fabri.
cated from silicon and have a roughly 400 nn to 1.1 gom response sange. A simple example
of a photodetector of this type is a PIN photediode. However, photoveltaic or photocondug..
tive devices do exist with responses in the 10.6 wm range. To move the detecior into the
10.6 um range requires swiiching to more exotic semiconductors with narrower bandgaps
than silicon. Examples include HgCdTe, CdTe, and PbSnTe, However, 10.6 um infrared
photovoltaic or photooonductive detecfors do suffer from a special problem. Semiconductor
energy states that absorb in the 10.6 pom range are sepmated by approximately 0.1 eV,
‘Thus, thermal gopulation of the gnaigy states from sources other than the laser beam is
quite likely. Therefore, the detectors are often cooled using liguid helium, liquid nitrogen,
or thermoelectric coolers,

10.6 pam radistion is far outside of the human vispal response. Thus, a number of
techniques have been developed to enable humans to locate the beam and make qualitative
measurements, The simplest include such things as absorption in foamed polystyrene, wood,
or metal. More complex methods include the use of color changes iy Hquid crystals and
visible fluorescence from various materials, One of the most elegant and effective methods is
the thermal-quenching of visible luminescence from a ZnCdS phosphor excited continupusly
with UV light. “The usual configiration is to usg a UV light to excite the back of a small
scresn couted with the phosphor. The phosphor glows a brilliant yellow untl it bteracts
with 2 €Oy beam, The £0; beam quenches the fluorescence and leaves dark areas on the
sereet, :

12.2 THE DESIGN OF EXCIMER LASERS

Excimer™ lasers operate on the radiative transition between the excited state of a molecule
and its ground state. Commercial excimer lasers typically use molecules formed from the
combination of heavy aoble gases {such as Xe, Kr, and Ar) and balogens {such as K, Cl, Br,
and 1), Common excimer laser combinations include ArCh (175 nm), AP (193 o), ¥XeTl
(222 nm), EeF (249 mun), XeBr (282 nm), XelCl (308 nm), and XeF (351 nm). Bxcimer Jasers
operate pulsed and are available in energies ranging from several millijoules o bandfuls of

Bn the most correct usage, the word sxeimer is Hmited 1o homopolar molecules such as Xep. Heteropolar
molecules such #s Xef are mom emrectly wrmed excipley molecules. However, since it is quite difficult to
pronouncs exciplex laser, the term excimer has grown to mean both classes of lasers.
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Jjoules per pulse. Repetition rates range from a fow kHz to hundreds of Mz and output
average powers are available up 1o 500 watts,

Baeimer lasers are prized for their ability to efficiently producs coherent UV and deep
UV radistion. They arg used in such diverse commercial applications as laser hole drilling,
laser chemical vapor deposition, laser photocheristry, creation of soft x-ray plasmas, semi-
conductor wafer cleaning, laser machining, laser ablative sputtering, excimer laser sutface
annealing, deep UV lithography, and laser planarization. They find application in the med-
ical field for coronary angioplasty and photorefrective keratectomy. Research applications
include spectroscopy, laser photochemistry, laser doping of semiconductors, and remote
sensing. -

Excimer lasers, like COy lasers, are very differsnt from the other lasers discussed in
this text. Conventional lasers lage off electronie transitions between various atomic states,
Excimer lasars lase off the transidon bebwesn a molecular excited state and 3 molecylar
ground state. This means that excimer lasers tend to have a shorter wavelength and higher
efficiency than most conventional lasers. Additienal information on excimer lasers can be
found in Rhodes,® Laude,% Elliot,” and Weber®

1221 Introduction to Excimsr Laser Stales

Consider a gas mixture of a rare gas A (such a krypton) and 0.1 t0 0.3% of a halogen gas X
{such as fluorine). Assume that the mitture {3 pumped by an intense electron beam, which
forms AT and X~ ions.®® The ions then recombine to form the excited (AT X)) state as™

AV X+ M- (ATX) + M (12.4)

where A Is the rare gas fon, X is the halogen fon and M is any third body {usually another
rate gas ion) to assure roomentum conservation, :

The (AT X molecules are the excited molecules and form the upper state population
{with a lifetime on the order of 5 to. 15 ns). The AX molecules form the lowsr siate
population. However, the lifetime of the AX molécule is extromely short {on the ordér of
tous of ferntoseoonds). Thus, oven though the upper state lifetime i3 shod by the standard
of most lasers (tens of wanoseconds as comparsd 1o tens or hundreds of microseconds), it
is still three orders of magnitude greater than the lifetime of the ground state. (For excimer
lasers to operate cormectly, it s necessary for the ground state molecule to dissociate rapidly.
Bysterns for which the molecule dissociates slowly do not make successful lasers because
the laser boitlenecks in the ground state.)

80, K. Ruodes, o, Excimer Lasers (Berlin: Springer-Verlsg, 1994), partieulsrly Chispter 4, pp. 87138,

B8 woien Lauds, Excimer Lavers (Netheelunds: Kluwer Acadernic Publishers, 1994).

STDavid Filiot, Ultraviolet Laser Technology and Applications (Sin Disgo: Academic Press, [995),

Snfarvin 1. Weber, od, Handbook of Laser Science and Technology, Vol I, Gas Lasers (Boca Raton, L
CRC Press, Inc., 1982), particularly Section 3, pp. 273-491; and Marvin J. Weber, ed, Handbook of Laser Soience
and Tecknology, Supp. I, Lasers (Boca Raton, FL: CRC Sress, Inc., 1991), pardenlardy Seetion 3.3.1, pp. 341387,

Prre AT and X~ lons are 4 wnd X stoms which have lost or gained one slectron respectively,

The excited (41X ) is 2 moleonls with the same number of slectrons as AX, but with one of te elsctrons
in » higher energy state.
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The physics of excimer laser operation is inherently connected to the basic progesses
of moleculs formation. Recall that the formation of a molecyle is drivea by a balancs
between the coulombic attraction of the ions and the repulsive potential that keeps two ions
from occupying the sams space. Thus, the formation of 2 molecule is a funciicn of the
distance between the two ions {see Figure 12,19). If the two jons are widely separated, -
there is no molecule. If the two jons are wying to occupy the same space, there is noo
molecule. The balance between the coulombic atiraction and the repulsive poteptial creates -
a well or pocket in the potential energy curve. When the two jons are at a distance (the -
equilibrium internucledr separation) corresponding to this encrgy well they are bound and
form the molecule.

The sitnadon in a mre-ges halogen laser is somewhst more complivated than fuat
iltustemted in Figure 12.19. This is because of the simultancous exisience of stoms, ions,
molecules, and their various sxcited states. A simplified potential energy diagram of a rare
gas halogen excimer laser is illusirated in Figure 12.20. Notice that the upper stale manifold
has two kinds of pofential bnergy curves.. There are covalent curves comesponding to the
bonding of dn excited atom with another atom (A” + X or A -+ X%} There are also jonde
curves corresponding to the bonding of two lons (A*X ™). The fonic curves actually fonp
a family of curves, because there are a variety of electron configurations possible fn the
CAF XY excited slate, )

Practieal excimer laser systems are those for which the fonic (AT X states ars the
Jowest states of the upper manifold. These are systems where the crossings botween the
ionic and covalent state energies occur for larger Internnclensr separations than the equilib-
rium distance, In these systems the dynamics of the reactions lead inevitably to molecules
residing in the bound metastable (A*X™)* state. From the (4% X)* state, the only available
downward energy transition is by radiation. There are no competing alternative paths.

The lower state manifold is similer to the upper state manifold, but somewhat less
complezn. Since the lower state does not have iouns, the only polential energy curves are
those associated with the various electronic states of the covalent AX, The lower stats may
{or may net) have a potentisl well indicating the existence of a bound molecule.
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Figure 1238 A smplified potentisl energy disgram of & vare-gss halogen laser. (From

{ C. ¥ Rhodes, ed, Excimer Losers (Sedine Springer-Verlag, 1984), Figure 4.1, p. B8,
©1984 Springer-Verlag)

The emission speetrum of Kr¥ iHlustrates the radiative characteristics of a typical rare
gas-halogen transition {see Figure 12.21), The largest peak comresponds to the transition
fromy the bottom of the potential well of the (AT X)) excited state fo the bottom of the
potential well of e AX excited state, ~

Commercially imeresting rate gas halide lasers are pumped by sléctron beam excitation
or by electrical discharps, In electron beara excitation, an energetic electron beam is created
in vacoum and directed through a thin metal or polymer membrane into the gas mixtare. High
energy electrons scattering off atoms in the gas oreate jons, exclied atoms, and secondary
electrons. The secondary electrons, in turm, create mare fons, excited atoms, and electrons,
The ions and excited gtoms react to form the excited molectlss. Under electron beam
excitation, fons are produced in prefergnce (o sxcited states (by about 5 3:{ ratio) and the
primgry reaction is

AT+ X4 M- (ATXTY M (12.5)
where A is the rare gas ion, X is the halogen jon, and M is apy third body (usually another
rate gas fon), o asewre momentum conservation.

Pulsed electrical discharges arg more commonly used for corumercial lasers becanse
they - offer the potential for Migher pumping efficiency and higher average power: In an
electrical dischargs, the low energy electrons drift along in the electric feld and increase in
energy. Eventually, they reach the energy threshold for excitation of the fust excited state
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Figore 1221 The emission spectrum of Krf llustrates the sadiative %%mmuixﬁcs aof
3 typical mre gas-halogen pansiion. (From £ K. Rhodes, ed, Excimer Lagers (Berlin:
Springer-Verlag, 1984), Figure 4.2, p. 91, ©1984 Byringer-Vedag)

of the rare gas stoms. Then, they collide inelastically with the rare gas atom, leaving the gag
atom i1 an excited siate and returning the electron to low energy. Under these conditions,
a very fast and efficient reaction termed a harpoon collision is involved”

A* 4 MX = (AYXY + M ' (12.6)

12.2.2 The Evolution of Excimaers

The first excimer was demonstrated in 1970 by Basov et al. at the Lebadey Physics Institute, ®
This laser was an Mgy excimer that lased at 176 nin and was excited by 2 relativistic glestron
beam directed into Houid xenon, In 1972, Kechler et ol at Lawrence Livermore Mational
Laboratories demonstrated an Xey laser using electron beam pumping of gaseous xenon.”™
Laser action from XeBr at 282 nm was first reported in 1975 by Sesrles and Hart at the
Navel Research Laboratory.™ Searles and Hart measured the optical gain of the XeBr 1o
be 4% per pass over 15 cm of active length, The experiment was originally run at 1o
4% Brs, but this was reduced 0 0.1 10 1% Bry when the Br, was discovered to quench the
XeBr excited state.

A fow weeks later, Bwing angd Brau reported laser action from Xe(l at 308 nm and KiF
at 249 pm.”® An independent observation of laser action in XrF was also reported by Tisone

T, R, Hersehbach, Adv, Chem. Phys. 10319 (1966); pp. 367379 in panicaler.

TN, G Basov, V. A. Dagilychev, Yu. M. Popov, and D. D). Kbodkevich, JETP Lerr 12:320 (1970).
TY, A Koehler, M. A. Ferderber, D. L, Redhead, and P. J, Bbert, Appl, Phys, Lest. 20:198 (1972).
MG, K. Seartes and G. A. Hurt, Appl, Phys Len. QEI43 (19719).

4, 5. Bwing and C. A, Bray, Appl, Phys. Len. 37:350 (1975},
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eral.”® and Mangano and Jacob.” In the Bwing and Brau experiments, laser action was ob-
tained from a mixture of Ar, Xe, and €1 at £9.9:10:0.1 and from a mixhure of Ar, K, and 8,
at 98.9:1.0:0.1. The ontput energy wés spproximately 50 4 from the XeCl laser and approx-
inetely 4 mY from the KoF Iaser. Tizone ef al. vsed a mixture of 3000 torr of Ay, 150 torx
of Xr, and & torr of F; and were able to obtain 3.6 J by using 5 cm diameter cavity miryors,
In the Mangano and Jacob expediments, laser action 'was obtained from a mixture of Ar, Br,
and By at $7.9:2.0:0.1. The maximum output energy in the Mangano and Jacol experiments
was 6 ml. All three experiments used a pulsed eleciron gun to excite the gas mixirs, ‘

Reports of laser action from XeF soon followed, first discovered by Brau and Ewing,”®
but first published by Ault et a7 Brau and Bwing used a mixture of Ar, Xe, and F; at
99.6:0.3:0.1 where the mixturs was excited with 2 cold cathode electron gun. Ault et al.
used & mixture of Ar, Xe, and NF; at 250:25:1, The use of NF; in the Ault experiments was
to both minimize the corrosive affects of F; and to avoid quenching due to self-sbsorption,
The measored owtput energy from the Ault experiments was 3 mJ per pulse, the peak power
was S00 kW, and the pulse width was 10 ns. s

All of the sarly sxcimer and exciplex lasers were electron bear pumped. However,
the efficlency advantages of using elscirical discharge pomping were recognized very early.
Since gxcimer lasers require very high voltages, longitudinal discharge sxeitation of excimers
was pever successhully ettempted, Instead, exelmer technology leveraged off the existing
developments in transversely excited COy lasers. A major advancement oceurred in 1975,
when Bornham and Dien at the Navel research Isboratories modified a TEA CO» laser and
demonstrated excimer laser action with an electrical discharge.®

12.2.3 General Design Background

{as flow. In order to operasie an electrically discharge excited excimer laser, it
is necessary 1o provide an electdc field that exceeds the DC breakdown vollage of the
gas mixtire by a factor of 2 to 3. This typically reguires voltages of 10 1o 15 kViem.
Furthermore, this pulse must be applied in 2t time short comparad to the electronic avalanche.
time of 20 10 30 as. This tmplies 4 rise time of severa] ¥V/nanosecond. Finally, there must
be sufficient electrons in the circuit to supply the growing plasma. This requires a very low
impedance electrical excitation circait.

The discharge pulse of an excimer Iaser creates 8 number of ionized and excited
species, Many of these species are guite Jong-lived. If another discharge pulss is atempted
hefore these secondary species have decayed, the resulting electrical discharge will be un-
stable. Therefore, in most comumercial excimers, the gas flows agross the electrodes. In
genersl, thie best results are achieved when the flow rate is high etiough fo flush the dis-

G, €. Tisone, A, K. Hays, and J. M. Hoffman, Opt. Comun. '15:188 (1975), (The Bwing paper was
received on June 17, 1975, and the Tisone paper an July 7, 1975)

773, A, Manganc aad 1. H. Jacob, Appl. Phys. Ler. 27:495 (1975). (The Hwing paper (footaote #75) was
received on June 17, 1975, and 1he Mangeno paper on July 7, (973

1. 1, Bwing and C. A, Brau, Appl. Phys. Lel. 27350 (1975); sad C. A. Brav and L I, Ewing, Appl Phys.
Ler, 37:435 (1975),

B, R Aul, R. S. Bradford, and M. L. Bhanmik, Appl Phys. Leit, 27:413 {1975).

501t Hacht, Laser Ploneers, revised ed. (Boston, MA: Academic Press, 1992), p. 46,
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charge volume between the electrodes 2 to 3 times before the next pulse. In the case of higy
power lasers with pulse repetition rates of 500 Hz 1o 2 kHz, this gas replacement meapg
that velocities of 50 to 150 m/sec are required. Thus, aerodynamics becomes a critical payy
of excimer laser design.

Pesjonization.  Good electrical discharge aniformity is essential for the successhyl
operation of a pulsed excimer laser. In order to provide a uniform high voliage discharge iy
high pressure gases, the gas mmst be preionized immediately prior to the application of the
main electrical discharge pulse. Prelonization means that a uniform jon ar electron cloud
is generated in the gas in the discharge region. This cloud serves 10 seed the discharge
and prevent the formation of ancs or stremners in the discharge. Once the initial cloug
(approximately 107 electrons/cm?) is created, the main discharge will proceed by avalanche
jonization to create densities near 101 electronsicm?®. 7

" Preionization is a very challenging problem because a large number of glectsons must
be created quickly, Preionization can be accomplished in a variety of ways.®# The pwo
most common are UV light and x-rays. UV light can be generated by spark gaps or by
corona discharges. However, UV light does have the limitation that the jonizing nuge is
restricted to a few cm® Xorays can be created in x-ray tubes by collisions of energetic
electrons with g high 2 material (such a5 tungsten). X-rays have a much deeper penetration
depth, but are more difficult to create. Inaddition, the use of x-rays in a commercial system
requires special licensing and approval,

Multiple spark gaps are commonly used to create UV kght for projonization® Basly
excimer laser systems used a linsar sperkboard whisre each spark gap was separately dis-
charged to create a traveling spark wave down the length of the cavity, Later designs used
multiple parailel pins, where the pins were fired simultaneously, Spark gaps provide excel-
Jent preionization, but at the cost of some stroetural complexity, More importanily, spark
gaps erode and tend to contaminate the laser gas and optical components of the resonator,
Bpark gaps sve much less freguently used today, 48 they have been replaced by corong or

X-ray prefontzation mathods.

Corona discharges tend to provide lowsr electron concentrations, but are xtmcmraﬁy
simpler snd do not contaminate the gas. Corona discharges have the sdditional advantage
that they can be easily integrated with the main electrode structure. Thus corona discharges
are most commonly used with commercial excimers {such as XeCl) that do wot require high
slectron preionization concestrations.

Asiother alternative is to nse x-ray preionization.®® Although x-ray preionization was
not used in the sarly development of excimer lasers (due to the difficulty and expense of
making short x-ray pulses) advances in x-ray generation technology for lasers have made
x-ray preiopization a very visble alternative to covona technology. This is especially true
for the more exotic excimers which may require higher prefonization electron densities.

Bla. 1 Palmer, Appl Phys. Lent, 251136 (1974),

828, €. Lin, J, Appl. Phys $1:210 (1980).

R Miderikaws, M. Obara, and T. Fujiokam, JEEE J. of Quanten Electron, QB-20:19% (1984),
&y, Miyazaki et al., Rev. Scl Jnarrwm, 52:201 (1985).

8%, Samida, M. Obars, and T, Pujickam, Appl Phys. Lex. 33:813 (1978),
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Figure 1322 A typicdl corons discharge cireuit, The ewo main electrodes are odented trans-
versely. The two prelonization electrodes ass alew orbented mansversely, apd aw poraliel 1o the main
elestrodes. (From B, Miller-Homche, “Appasaius for Prelonizing a Pulsed Gas Laser” U8, Patent
F3241.331, Sept. 21, 1991)

 Lorong discharge circullry.  The corona discharge method i5 one of the most
common commercial preionization techniques. ¥ In the corona discharge method, UV light
is genersted by a gas discharge between a metal and a dielectsic. The UV light then creates
2 weak lonization in the discharge region of the slecieodes. One of the miajor sdvamages
of corona preionization is that the dielectdc prevents formation of spark chanpels to the
prejonization electrodes. Thus, the contarnination effects of the sparks are eliminated.

A typical corona discharge circuit is shown in Figure 12.22.% The two main electrodes
are nriented transvemsely, The two prelonization elecirodes are also odented trangvarsely,
and parallel to the main electrodes. The prelomization electrodes consist of a conductor
with 8 surrounding dislectric (for example, a quartz slegve). The prefonization slectrodes
are placed near one of the main electrodes and are connected to the polential of the other
elecirods. A high-voltage source charges the storage capacitor, and the pulse is triggered
by 4 thyrairon {or equivalent high-voltage switching slement). The preionigation potential
is thus driven by the main discharge pulse.

Another option is shown in Figure 12.23.% The geometry is similar to Figure 1222,
However, with this system, the prelonization potential is driven by a separate set of circuitty
from the main discharge pulse. This permits more subtle tuning of the timing between the
two events, bat at the cost of addidonal cirenitry,

Still apother option is shown in Figare 12.24%° Hers, the ciev&r use of inductors sad
capacitors generates o very rapid starting spike across the prefonization electrodes, which
is followed by the main discharge pulse. Suitable choice of inductor and capacitor values
permit this circuit to be tuned for optimum output power.

3503 1. Brnst and A, G, Boer, Opr. Commun. 32:105 (1978)

8741, Magson and H. M. Bergmann, Rev. Sci. Instren. 50:59 (1979).

885 Miller-Horsche, “Apparatus for Frelonizing o Pulsed Gas Laser” U.S. Patent #5247 3531, Sept. I,
1953,

BB Miller-Horsche, “Apparatus for Preionizing a Pulsed Gas Laser,” US. Patent #3,247.531, Sept. 24,
1693,

BE, Miller-Horsshe, “Appuratus for Prelonizing 3 Pulsed Gas Lacer,” U.S, Patent #5,247,531, Sept. 21,
1893,
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¥igure 13.33  Apother type of corona discharge elecuit. T this ehrenit, the prefonizaton
potential iy driven by & separate ser of ciroultry from the wmain discharge polse. This
permits more subtle tuning of the timing between the two eveats, but at the cost of
additional circuitry. (From B Milller-Horsehe, “Apparstus For Prejonizing 2 Pulsed Gag
Lasee,™ 1.8, Patem #5,247.531, Sepe. 21, 1993)
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Figurs 1334 In this circuit, the clever use of inductors snd capucitons gevierates & very
rapid staning spike seross the prefonization electrodes, which is followed by the main
discharge pulse. (From B Miler-Horsche, “Apparatus for Preionizing o Pulsed Gas
Lager,” UK, Patent #5,247,531, Bept. 31, 1993.)

Prajontzation SO

Chap. 12

Main discharge clreuitry.  Once the preionization stage is complete, the main
discharge pulse must be generated. The slectrical digcharge requirements on discharge
excited pulsed excimer lasers are quite stringent. The rise time is short (10" Assec) and the
voltage and power are high (50 KV and 5 kW), Purthermore, the gas {afier breakdown) has

~avery low impedance.
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Figore 1225 A twploal discharge sirenit for an excimer ksser. This cireuit provides an electrical
intsaface behwean 2 high-voltage, high-lmpedance power souree, and a relatively low-hmpedance
loser load, (From 1. 8. Pahlen and B, Mass, “Blectrical Brcluion Chenit for Gas Lasers,” U8
Patent #4,548,098, Octe 23, 1985)

An example of a typical discharge cireuit is shown in Figure 12.25%! The electrical
cirouit provides an slsctrical interface betwosn a high-voltage, high-impedance power source
and a relatively low-iropedance laser load. The circuit includes an electrical excitation circuit
10, a charging circuit 16, a pulse forming network 18, and 3 laser Joad 14,

The charging circuit includes 2 power source capacitor Ty, 8 charging capaciior O
series-connected with an inductor Ly, a charging choke L and an isolating diode Dy, The
choke L and charging diode Iy izolate the power source 12 from the pulse forming network
18. (The capacitor C; is significantly Jarger than the capacitor C.) A thyratron §; is also
incloded in the charging ciroult. The control slectrods of the thyratron is connected to 3
pulse generator.

The pulse-forming network (FFN) includes a saturable inductor switch 3, a bias
power source for Sz and a choke Ly copmectsd in series with the bias winding of the
satnrable inductor switch, The PBEN also includes a PFN capacitor Cy shunted across the
saburable nductor switch 8y and g second PFN gapasitor €y comnected betwesn TP, and
TP;. Additionally, the PPN fncludes a magnetic diode charging inducior La, a bias power
source for Lg and a choke Ls connected in series with the blas winding of the wagnstic
diode charging inductor. (The choke Ls provides lsolation of the bias power source for
Ly from high-voltage pulses produced by transformer action on the bias winding of the
magnetic diode-charging indoctor Ls) The laser load 14 is comnected botween TP; and
sommon. The inductance Lp represents the distributed inductance of the electrode structure
of the laser load 14, A prefonization circuit 28 is also included.

The electrical excitation cireuit performs four relatively separate operations: a slow
resonant charge of the charging capacitor Cs, & medium-speed charge of the pulse forming

97 &, Pablen and B. Mass, "Hlectrical Bxeitation Ciroust for Gas Lasers,” 1.8, Patent #4,540,091, Oct, 22,
198s, .
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Pigure 1236 The heart of the 5300 is & pressure vessel consining of two scoentrically

mounted cylinders. (From D, 1 Clark and T, 8. Fahlen, “Gas Trensport Laser System,”
1.5, Patent #4,611,327, Sept. 9, 1588,)

network 18, an inversion of the voltage on half of the pulss fcrmiﬁg network, and finally
the laser discharge. '

12.2.4 A Typlcal Modern Exclimer Lager

The vemainder of this section will foras on an indusirial excimer laser intended for industrial
materials processing applications. The specific unit under discussion is the XMR 5300 laser
manufactured by XMR, Inc., in Fremont, CA. This laser is representative of o high-ead
industrial materials processing excimer laser,

The XMR S300 is a XeCl laser operating at 308 nmi and producing 200 watts af 300 Hz
for an energy of approximately 660 ml/pulse. The repetition rate is selectable from 1 to 300
Hz and the pulse width is 40 to 50 ns, The output beam incorporates 2 besm homogenizer
and is 1.5 con by 3.3 cm with less than a 5 mrad divergence. The laser operates at 4 pressure
of 5.76 atmospheres with a buffer gas of neon and uses an HC precursor to generate the
chlorine. The design of this laser is discussed in D, L. Clark and T, 8. Fahlen, “Cas Transport
Laser System,” (U.8. Patent 4,611,327, and in T, S, Fahlen, “Gas Discharge Laser Having
a Buffer Gas of Neon,” (U.5. Patent #4,393,305), and is only summarized here, %%

The heact of the 5300 is a pressure vesssl consisting of two accentrically mpunted:
cylinders (sce Figure 12.26). The outer cylinder is metal and constituies the outer wall of
the pressure vessel, The toner eylinder is o diglectric and contains the PFN for the electrodes.

2, 1. Cladk and T. § Fahlen, “Gas Transport Laser System,” U.S. Patont #4,611,327, Sept. 9, 1986,
937, §. Fahlen, "Gas Discharge Laser Having « Buffer Gas of Neon,” U.S. Patent #4,393,505, July 12, 1983,
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The gas flow is between the inner cylader and the outer eylinder and s driven by a set
of blower fans. A gas-to-liquid heat exchanger is located near the bottom of the pressure
vesssl,

The electrodes sre placed on the top of the inner dislectric cylinder and the laser
is excited transversely. Two pairs of prefonizing corona electrodes are located slighily to
both sides of the main electrodes. The main discharge plasma is created between the two
glectrodes near the top of the pressure vessel. Thas, the optical cavity is located paralle] fo
these electrodes, v

Physically, the 5300 pressure vessal consists of a nickel-plated stainless-steel cylinder
that is 100 cm loag and 60 om in dismeter. The vessel containg approximately 200 liters
of laser gas. The stainless-stesl cylinder has 2 welded fange with an o-ting groove on each
end. Bad plates ars bolted to the welded flanges. Although the system operates at a pressure
of roughly 70 psig, the heavy stainless constraction has besn pressure tested up to 180 psig.

The laser systom is designed for casy repair snd mainteoance. All of the components
inside the pressurized vessel are readily accessible. A removable cantilevered arm hinged o
the flange holds the snd plate so that it can be swung away from the flange. Once removed,
the end plate is supported on & wheeled cradle. The inner dielectric cylinder, electrodes,
PEN, blowers, and heat exchangers are attached to the end plate and are removed with L,
This configuration provides ready arcess o the sub-assemblies for servicing. Bach of the
sub-assemblies is 2 module and can be replaced independently of the others,

The electrodes are two solid-rail electrodes, 79 em long and 2.5 cm wide, spaced by
2.5 ¢m. The material of both slectrodes is solid sickel. The electrodes are mounted ©
the outside of the internal dielectric cylinder. Each of the elevtrodes ds bolted to eighteen
feedthronghs penetrating the inner dielectsic cylinder. Bach feedthrough is oring-sealed as
it enters the inner cylinder, Howsver, the electrodes can be adjusted or removed without
replacing the o-rings, ' :

Five to 10 kW of heat is generated in the laser gas from the elgctrical discharge, the
corons preionization, and the blower fans, The gas to liquid heat exchanger maintains the
gas lemperatues at 90°F with 4 65°F input coclant temperature at-a flow of 3 to 5 gallons per
nxinnte, “The heat exchanger is a finned tube constroction, nickel-plated to minimize damage
from the gas mixture. In order to minimize feedthroughs, the heat exchanger is welded to
a flange, which iz sealed to the eud plate with an o-ring.

Figure 12,27 is & perspective figure illusirating the entire system. The onter metal
cylinder defines the shape of the entire system, The inmer dielectric cylinder can be seen
toward the back of the drawing (somewhat hidden by the fans). The window for the optical

- gavity can be sesa near the front top of the pressure vessel, The large tdangular housings
on each side of the pressure vessel contain the drive asseyubly for the blower fans.

The double eylinder structure offers 2 number of advantages. To begin with, i plaves
the pulse-forming network inside of a lerge-steel stoucture. This serves as an ideal Faraday
cage and minimizes the laser generating damaging electromagnetic interference from the
extremely high voliage and current pulses. The Faraday cage construction similarly reduces
the possibility of accident triggering of the PPN by external sources. Locating the PFN
close 1o the electrodes minimizes the overall inductance of the electrical system. Finally,
locating the PPN within the pressure vessel minimizes the number of feedthroughs,
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mesl cylinder defines the shape of the entive system. The inner dielestrde cylinder can be seen
soward the back of the drawing (somewhat hidden by the fans), (Froem D X Clark snd 7. 3. Fabilen,
“Gas Transpost Laser Systern™ US. Patent $4.611,327, Sept. 9, 19885

3
Figure 1527 A perspecuve Hgure ilustrating the laser chamber of the XMR 5300, The outer 1

The eccentric placement of the eylinders is also a critical part of the design. Notice that
the electrodes are located at the narrowest part of the stracture. This increases the velocity of
the gas over the electrodes and eshances the upifonmity of the gas flow, The flow velocity s
maximized in the donble-cylinder geometry because there are no sharp bends, constrictions,
or changes in direction. Additionally, the cylindrical geometry minimizes the surface area
exposed to the gas mixture,

e of the major challenges in constructing excimer laser systems Is the corrosion
caused by the halogen ions. Barly excimers were notorious for blowing seals and destroy-
ing electrical components. Thus, excimer laser design must include a number of features
to sinmltanecusly reduce leakage and enhance the laser lifetinue, The 5300 incorporates
magnetic conplings for the Blowers in order to provide a hemmetic seal with no mechagical
contact. Within the pressurized vessel, bearings are lubricated with Suorinated Iubricants.
The blower and coupling bearings inside the vessel are snclosed in & housing, which is
prassurized with a small flow of halogen-fres gas, In addition, materials used inside the
pressure vessel have been selected carefully. The majority of the metals are mickel-plated.
Insulating materals are quarty or ceramic,
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Figure 1228 Materlsls provessing spplications (5uch o luser planssization or hassr
annealing) frequently reguirs 3 “rop Tet” beam profite with adjustable x and y dimensions,
{Conrtesy. of XMR, Freont, CA)

The pressure vessel has an input and exhaust port for gas wplenishment. Although
the 5300 can run for approximately 107 pulses without replenishment, eventually parasitic
chemical resctjons will deplets the halogen and the system will need to be recharged.

‘The preionization is supplied by a corona wite, The corona wire is & quartz insulated
cmdz;cmr, The discharge volume ¢reated by the corona wike is approximatsly 70 x 2.3 x
2 om”,

it is usually necessary to provide a buffer gas in an excimer laser mixture in order to
initially support the discharge. Many excimers use heliom, becanse it is chemically inect,
inexpensive, bas a high ionfzation potential, and forms stable low prassure discharges, 1t is
also light and has a high specific heat for cooling, However, the 5300 uses neon as a buffer
gas. Neon offers many advantages over helium in a system with corona wire prefonization,
Use of neon as a buffer gas increases both the output power and efficiency of the laser. This
snhanced performance sppeacs 1o be related 1o incredsed stability of the plasma,

The electrodes ate pulsed at 20 to S0 kV. The rise time of the electrical pulse must be
shorter than the upper state lifetime (5 to 15 ns). All of the cireuit elements i the PPN are
preferably insulated by a bath of wansformer oil. The insvlating oil is cooled by circulation
through 2 beat exchanger. Electrical connections from the pulse forming network o the
extaraal circuitry are magde with continucus cables sealed by compression o-rings.

The laser resonafor uges a conventional high-eflecting rear mirror and partially trans.
parent front mizcor, The laser xuns in a psendowaveguide mode in the vertical direction and
in a fres-space mode in the Horlzontal. This creates & beaio profile that is Gaussian only in
the horizomal direction.

12.2.5 Laser Beam Homogenizers

Materials processing applications (such as laser planacization or laser annealing) frequently -
require 4 “top hat” beam profile (see Figure 12.28) with adjustable x and y dimensions.
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Since most materials processing lasers lase on seme combination of Gaussian modes,
an optical element (called g homogenizer) is necessary to convert the Gaussian beam nto the
“top hat” profile. A Jarge number of techniques have been used to homogenize laser beams,
One class of techniques consists of using lenses, white cells, or waveguides to divide the
beamn into small parts and then recombine the puarts into the desired shape.®** A second
class of techniques uses prismg or mirrors o fold the beam onio itself. s

HME ases & homogenizer of the beam dividing type. In their homogenizer,” two sets
of areays of crossed cylindrical lenses (four groups of cylindrical lenses in total) are used
1o divide the incoming beam into an grray of “heamlets” (see Figure 12.29), A focusing
lens then recombines the beamlets into a “top bat™ distribution on the exposure plane. In
the XMR commercial unit, arrays 3 and 4 (and the focusing lens) are fixed. Arrays | and
2 are free to move. The sgparation of array 1 from amay 3 determines the x dimension
of the homogenized besn, while the separation of array Z from array 4 determines the y

‘dimension. Notice that the homogenized “top hat” distibution is always formed at the same

tocation from the homogenizer, independent of the locgtion of the afrays.

12.2.6 Application Highlight

Excimer lasers are employed in & large number of laser materials processing applications.
The short wavelength, kigh energy, and high average power of excimer lasers present yuigue
materials processing benefis,

For example, the polysilicon thin film transistor {poly-8i TFT) is considersd to be
the next technological step in the development of active-mateix Hguid crystal displays®
Polysilicon has a mumber of advantages over amorphous silicon. As one exampls, polysilicon
possesses more than 100 times the carrier mobility of amorphous silicon, thus enabling
MOS peripheral display drivers W be integrated right into the display.  Displays with
built-in drivers are giore relisble than conventional displays, because electrical conngctions
are implemented in metallization layers on the substrate itself ingtead of with thousands of
TARbonded intercannects, Another benefit of eliminating TAB-bonding is thit sereen pich
is no longer limited by interconnection pitch, thus opening the door to super-high-resolution
displays suftable for hnaging snd graphics applications. In addidon, high mobility poly-
St TFT wansistors offer fast charging speeds to compseusate for RC time delays in larger
displays. : .

However, commercializing the use of poly-8i TFT devices for active-matrix Hquid-
crystal displays has been difficult, The customary upproachi to creating poly-5i TFT devices
is to use a guartz substrate with a layer of deposited amorphous silicon and slowly amnesl
(T00°C for 24 hours) the amorphous silicon info a polysiticon thin film. However, the high
cost of guartz substrates and the long process times required for fornace annealing have made

M Cpary, Oprical Engineering 20:972 (1988),

Frwaeaki ot al., Applied Optics 29:1736 (19900

Hnrano and Liv, Losers and Applications (1987), p. 91 _

977 §. Fablen, S. B, Hutchison, and T McNulty, “Optical Bram Integration System,” UK, Patent #4,733,944,
March 9, 1988,

%89y, Zankowsky, Laver Focks World (1994},
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Figurs 1022 In XMR’s homogenizer, two amays of orossed sylisdrical lenses {four
groups of eylindrival lenses in total) are used to divide the incoming bews into an aray
of “beamlets,” A focusing lens then recombines the beamlus into 2 top kat”™ distribution
on the sxposure plase. {Covrtesy of XMR, Fromont, CA)

this process impractieal for high-volume production of large displays. Usfortunately, lower-
priced glass substrates cannot be used, because the high temperatures used in conventional
snnealing processes alvo mell the glass subsirate. '

Laser annealing offers an alternative to fumace annealing for creating economical
poly-81 TFT devices (see Figure 12.30). In laser annealing, the laser only heats the sueface
of the materiad, thus allowing matarials other then expensive quantz to be used 28 substrates,
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Figurs 1330 Schemstiv of an excimer laser ansealing system for mamufectoring poly-83 TFT
devices: {Conrésy of XMR, Fremant, CA)

Both argon and excimer lasers have been used to anneal amorphous silicon to polysificon.
However, excimer lasers have & significant advantage over argon Jasers in this application.
This is because sxeimers are high power (200+ watt), short pulse (20- to 50-ns) lasers.
As a consequence, they only Jocally heat the surface of the filim, 'The melt region extends
just 30 to 100 nm below the surface. Bxcimer laser annealing is the only current anneating
technology that can reliably transform amorphous silicon into polysilicon while the substrate
rernaing at room femperaiure, '

The basic process for creating polysilicon thin films by laser annealing is quite straight-
forward. Before processing, the substrate is covered with an amorphous silicon thin film.
The excimer then scans the glass substrate with 2 spatially uniform pattern of overlspping
rectangular pulses. The UV energy is sirongly absorbed by the surface layer of amorphous
siticon, which rapidly melts and recrystallizes into polysilicon. The instantaneous local tem-
perature in the surface layer s high enough to achisve excellent crvstallinity, However, the
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average temperature of the glass substrate remaing substantially below the damage thresheld
and is unafferted by the laser crystallization provess,

Since lager annealing is & scanning process, it offers considerable present and future
process flexibility. The manufacturer has the option of selectively annealing designated areas
or moving 1o larger or smaller substrates. In addition, laser annealing provides the high
throughputs required for high-volume active-matrix liquid erystal display manufactoring.
The high paak energy of the excimer laser, combined with a 300 Hz pulse repetition rate,
enables 360 x 450 ma substrates 1o be processed in as litthe ay three minutes.

12.3 QVERVIEW OF SEMICONDUCTOR DIDDE LASERS

12.2.1 History of Semiconductor Diods Lasers

There ate often periods in sclence when major discoveries are made simuliancously by a
number of different researchers. The early history of sentdconductor disde lasers follows
this patterm,

Consider the research environment for lasers in mid-1962. The exinting lasers were
lasers with long path lengths and large external resonators, These lasers lased on narow
transitions between well-defined discrete states. Semiconductors (with a high free carrder
sbacaption, wids bandwidth optical transition, and relatively small size) were assomed to
have inefficient radiative recombination snd were considered an improbable materisl for
laser action,

Howaver, in July 1962 Keyes and Quist presented 2 paper, “Recombination Radia-
tion Brnitted by Gallivm Argenide Diodes,” at the Solid State Device Ressarch Conference
(8SDRC) in Durham, NH.? 1% This paper described intense luminescence with a quan-
tum efficiency of approximately 85% from GaAs junctioss at 77°K, These rasults were so
startling that they energized a mmber of research groups to consider the question of semi-
conductor lasers, These included research groups at General Blectric, IBM, and MIT Lincoln
Laboramories. (Notice that all of these groups achieved semiconductor laser operation in the
latter half of 19620) _

The CGeneral Electric group used n-type GaAs wafers with a zine diffusion to form
a degenerate PN-junction. (The importance of the degenersie junction was pointed out by
Bernard and Duraffourg in 1961.'%) The resulting wafers were out into strips approximately
0.5 mm wide and cemented to plaies so that the edges could be lapped and polished. These
polished edges formes the Fabry-Perot resonator strucinrd. The resalting diodes were cooled
to 77°K and operated 1o pulsed mode. The paper annousicing the first semiconductor laser
operation was the General Electric paper submitted in Septernber 1962 and appearing in the
November 1, 1962, edition of Physical Review Letters, %

R 1. Keyes and T. M. Quist, "Recombination Radiation Emitted by Gallium Arsenide Diodes,” presented
at the Soltd Swte Device Res. Conf, 1962,

e material in these papers was later published in R. §. Keyes and T. M. Quist, Proc. IRE 50:1822 (1962,

0%, G, A, Bernued and G. Dusaffourg, Phys, Stat Sol 1:659 (1961),

2R W, Hall, (3. B. Fenoer, I I, Kingsley, T.J. Soltys, and B, 0, Carlson, Phys. Rev. Len. 9:366 (1962).
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The IBM group also used n-type GaAs wafers with a zine diffusion o form a e,
generate PN-junction, The IBM group was struggling with the concept of how 10 make 4
resonator, and so decided to attempt to demonsteate stimulated emission without 2 resonatey.
The IBM Applied Physics Letter reporting the coherent stimulated emission from a Gaag
PN-junction was submitied in October 1962, appearing within days of the publication of the
Ceneral Blectric Physical Review Letiert

The MIT Lincoln Laboratories group also used n-type Gads wafers with a zine diffy.
sion, They elected to use mechanicgl polishing to form the resonator structure and aclieveg
laser action within a few weeks of the other groups. Their first paper was submitted in
November 1962, and their results were reported in a pair of experimental and theores.
cal papers.'® 105 The MIT Lincoln Laboratories group was also noteworthy for being the
first group to address the question of applications for the new lasers by demounstrating TV
transenission from a roofiop, and then from 2 neaby mountain top. 1% .

Very shortly after the first demonstration of laser action in a degenerate Gads PN
Jjunction, 8 numnber of lnteresting and important advancements occurred. Just & few weoeks
after the initial announcement of GaAs diodes by the General Bleetric group,'”” Holonyak
and Bevacqua demonstrated the first visible (710 nm) laser diode in GaAs;.., P, using pol-
ished facets!™® (the Holonysk and Bevacqua paper wag submitted in October 1962). The
first ew operation (at 2°K) was observed by Howard et al, ' and the first pulsed room-
temperature operation by Burms et al V0 '

The issue of polishing versus cleaving to create the small Pabry-Perot cavities was a
critical one in early semiconductor lazer developroent, Although cleaving is now considered
to be somewhat easier than polishing, the first three lasers to be demonstrated all incorpo-
rated polished Fabry-Perot cavities. Holoyak originally attempted cleaving, but retarned fo
polishing after difficulties in cleaving Gadsy..P. The first reported use of cleaving is by
Bond et al. in 1963.7! Dill and Rutz patented the cleaving concept from a disclosure filed
on October 20, 1962112

Laser ressarch then began to diverge into a number of separate arens. The idea of
using heterostruetures in semiconductor diode lasers was a very powerful idea and was

930, 1, Nathan, W, P, Dumke, G, Burns, B, 5, DL I, and G. Lasher, Appl Plys. Lett. 1562 (1962

W M, Ouist, R H. Rediker, B, 1 Keyes, W B Keag, B. Lax, A. L. McWhonter, and H. 1. Zeigsr, Appl.
Phys. Lent. 191 (1363).

W54, L. McWhorter, H. 1. Zeiger, and B, Lax, 4 Appl. Phys. 34233 (1963},

1050 8, Bediker, R. 1. Beyes, T. M. Quist, M., 1, Budson, T R. Grant, sod R, G Burgess, “Calljum Arsamxda
Dinde Sends Television by Infrared Bear,” Fleorron. 35: 44-45 (1962) and R L ¥eyss, T M, Quist, R H.
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first proposed by Kroemer in 1963.11° However, the heterostructure concept required the
development of sppropriste materials-processing technologies, snch as liquid phase epitaxy
{LPE), metal-organic chemical vapor deposition (MOCYD), and molecular beam epitaxy
(MBE). Therefore, the original proposal of Kroemer went relatively unnoticed.

In 1963, Melson first demonstrated the lguid phase epitaxy growth of GaAs on
GaAs. " In 1967, Woodall et al. demonstrated the growth of the heterostructure Al Ga;_, As
on Gass.® The first LPE pulsed room tempersture helerostructure lasers soon followed
in 196941517, 18 a4 then cw room temperature heterostructure lasers. ' 120 Quantum con-
finement was the next major advancement i heterostructures, In 1978, Duopuls ot al. first
demonstrated a room-temperature quantam well laser.'?! Strained quantum well lasers soon
followed 172,123, 124

Distributed feedback lasers (DFB lasers) wers another major track in laser develop.
ment, DFB lasers incorporste an intrinsic grating w foree single longitudinal mode opera-
tion, Kogelnik and Shank first developed the sxperimental and theoretical ideas bebind DFB
Iasers,'®> Nakamura et al. reported the DFB semiconductor laser ostiliation by photopump-
ing GaAs!® Scifres et al'¥ reported the first AlGaAs/GaAs single heterostructure DFB
junction lasers. Casey et al'?® and Nakanura et 217 ysed an AlGaAs/GaAs separately
confined heterostrucitore to achigve the first DFB ow oscillation af room teraperaturs. Room-
temperature ow pperation of a DFB laser at the fiber-optical communication waveiengm of
1.5 pm in InGaAsP/InP was first reported by Utaka et al,'%

Distributed Bragg reflector lasers (DBR lasers) are a variation on DFB lasers where
the reflectors are outside (rather than inside) the sotive region. Lasing eccurs between the
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grating mirrors, or between one grating and a conventional facet. The first DBR laser Was
an AlCaAs/GaAs laser demonstrated by Refnhar et al.!!

Vertical-cavity surface-emitting lasers (VCSEL) were later developments in semicdp.
ductor laser technology.®? Soda et al. demonstrated the first VCSEL.'™® This was a doubye
“heterostructure InGaAsP device operating at 1.3 pm. It used metal migors and Jased o
77°%. In 1982, Burnham, Scifres and Streifer filed a patent on various designs for VCapy
devices, 3¢ Bpitaxial mirrors for VCSEL devices were first demonstrated in 1983535 g,
1989, the first ow room temperature YCBEL davice was demonstrated by Jewell et g1 13
This device was an guantum well active region sandwiched between n- and p-doped semi.
conducior Bragg reflectors.

Historical details of this era from the perspeciive of the major participants are avaﬂabie
. in a series of raview papers in volumme QE-23 of the IEEE Joursal of Quantum Electronjcs 13
Additional historical details can be found in the reviews by Hall,'®® Rediker,™ and in the
books by Kressel and Butler,’ and by Casey and Panish,"* IEEE has also gublmhaﬁ a
summary of seminal papers on semiconductor dinde lasers.

12.4.2 The Basice of the Bemiconductor Diode Laser

Energy band structure. The semiconductor laser can be modeled as a two-level .
taser system. The upper laser state is the conduction band, and the lower laser state is the
valence band. The laser wavelength is emitied at the bandgap of the semiconducion.

In order for the semiconductor to have sufficlent gain 10 operate a5 & lzser, it is usually
necessary for-the electron transition from the conduction band to the valence band to be a
direot radiative transition. Gallium arsenide (GaAs) i8 an sxample of a direct ssmiconductor,
Silicon 15 an example of an indirect semiconductor, The distinction between a direct and
indirect semiconductor material is often explained using the E {(energy) versus k (momentum)
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Silienn Galliurn arsenide

Figure 12.3% The distinction between & divect and indirect semiconsducior mistertal is
often explained using e E feeergy) versus & (momentiun} disgram for the seaiicon-
ducior, I the rainims of the conduction band and the maxime of the valence band both
gocnr at ks U, then dhe sewdlcontheetar fs direst. If the finima and mexima do not
ovettap st all, or overiag vt ¥ %5 0, then the ssmijconducter 8 indirees.

diagram for the semiconductor, 1 the minima of the conduction band and the maxima of
the valesce band both ocour at & == 0, then the semiconductor is direct, I the minima
and maxima do not overlap at all or overlap at & s 0, then the semiconductor is indirect,
Examples of K versus & diagrams for indirect and direct materials are given in Figure 12.31.

Pumping the semiconductor diode laser.  In order for the semiconductor to
lase, it is necessary to créate a population inversion between the valence and the conduction
bands. Such a population inversion can be created by external pumping (lasers, electron
beams, or flashlamps) or by intamally pumping (with a PN-junction):

The simplest way to create 2 population inversion is to pumip the semiconductor with
another light source, This technigue is fsrmed photopumping and is commonly used to test
new semiconductor laser materials in order to determing their suitability for laser operation.,
One way to photopurp & semiconductor Taser is 1o use 2 conventional gas laser source (such
as & HeNe or an argon-ion) as & pump source. This hes the advantage of simplicity, but
tends to overheat the laser material. For this reason, photopumped laser slices are generally
thinned gad mounted in thermally conductive holders. Another way to photopump s to use
a conventional pulsed laser source (such as a Nd:YAG or glass laser), This not only solves
the thermal problems, but also permits testing of recombination rates in the material. A very

- clever way to photopurnp a diode laser material is with another diode laser. The sample is
thinned and mounted directly on the ontput window of the diode laser. Although the actual
diede laser power is relatively small, the coupling efficiency between the diode laser and
the photopunped laser is excellent,

However, the majority of commercial semiconductor lasers are electrically pumped
using a PN-junction. Undex conditions of high current injection in a PN-junction, a re-
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Figore 3232 In equilibrivm, the quash-Fermi levels of the degencrate p- and n-junction
laser Toateriad align.
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Figure 1233 The ruasi-Fenmi Jevels will misalign by the value of the applisd voltage,
Under the inBuence of the forward hiss, the holss will ddft 10 the nfegion and the
alecirons will drift into the pregion. The holes and glectrons we now spatially coincident
sd hole-clectron recombination voours,

gion near the depletion region wiil contain an inverted population of electrons and holes,
Appropriate alignment of this region with the cleavad facets will result in laser operation.

Consider the energy band disgram for a simpls P”*injuxzcﬁsn imtended for use in 4
semiconductor photon source. Initially, one side of the junction is heavily doped n and the
other side is heavily doped p. In geoeral, both materials are doped degenerately (meaning
that the quaa:»i"ﬁzm; level is above the bandedge): In equilibriom the quasi-Feomi levels
align as shown in Figure 12,32,

When a positive voltage is applied to the p-region and a negative voltage is applied to
the n-region, then the diede is forward biased. The quasi-Fermi levels will misaligo by the
value of the applied voltage, Under the influence of the forward blas, e holes will drift o
the n-region and the electrons will drift into the p-region. The holes and slectrons are now
spatially coincident and hole-electron recombination eccurs (see Figure 12.33).

Notice that in the noneguilibriom situation, the gquast-Feemd levels for the electrons
and holes have separated. The spatial distance between the quasi-Fermi levels is essentially
the depth 4 of the setive region, In TV semdconductors (the fost common semiconductors
for commercial laser diodes), the electrons are much more mobile than the holes. Therefore,
the depth of the active region Is principally determined by the mobility of the elecirons. This
distance is approximately given by

d o= \f D,,"Cn £ } Dﬂn‘”

V dnpfdt
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Figore 1334 A few of the possible semivondicior laser resonator stracturss: DFB is Trom K. Alkl,
B, Wakamura, snd I Umeda, *Schematic Simiturs of 2 GaALAIGRAS Distributed Feedbaek Laser,”
1EEE 3. of Guantum Eleciron, QB-12:5%7 (1978), ©:1976 TEER; VOSEL {s from R. Bumbam, DR,
Scifres, snd W, Steeifey; 1.8, Patent #4,309,670 (1282,

where 1, 15 the electron concantration in the p-region sad Dy is the diffusion constant for
electrons. Typical suumbers for o are op the order of 1 o, (Again, nofice that this s on
the order of the same size 25 the wavelength of the slectromagnetic mode being amplified.)

Crasting the spmiconducior diotde laser resonator.  There are an astonishing
mumber of possible forms for the semiconductor laser rosonator (see Figurs 12.34).

In the simplest form, 2 semiconductor laser consists of small rectangular siab of
semiconductor maaterial with two polished or cleaved facets to act as resonator mirrors. The
other facets are destroyed in some way (etched, ground, sawn, ion implanted, ete.) in order
to avoid spurions laser modes,

The typical horizonta! cleaved laser construction can be modified in a number of ways.
For example, the facets can be etched using wet or dry processing techniques. External
mirrors, gratings, or combinations of mitrors and gratings can be used in place of cleaved
facets. Bxiernal elements can be incorporated offchip or integrated into the chip.

Semiconductor lasers can be fabricated to lase vertically, With this type of construe-
tion, reflecting layers are fabricated on the substrate and the laser operales perpendiculaiy to
the substrate. Reflecting layers can be made from metal, dielectric filws, and semiconductor
muliilayers. Such lasers ave called VUSEL,

1t is also possible to incorporate gratings directly into the laser design. This vesults
in a laser with a single longitudinal mode forced by distributed feedback from the internal
grating. Such lasers are termed DFB lasers. In DBR lasers, a variation on DFB lasers,
Issing ocours between the grating mirrors, or between one grating and 2 conventional facet.

Light propagation in the semiconducior diode laser.  In a laser diods, the
photons must be modeled as collective entities traveling in a confined fashion down 2
waveguide, This gives a differsnt characier to the issue of modeling light output from 2
laser diode as compared 10 a conventional laser. In general, the far-field pattern from 4
taser diode is determined by the Fourder integral of the electromaguetic fisld propagating
in the waveguide. The electromagnetic field within the waveguide can be calculated using
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the eigenvalue equations for wave propagation in a slab waveguide (for example, see C%&S
and Panish!®),

Homostructure semiconductor diods lasers, heterostruciure semicongy,

tor diode lasers, and the Importance of lattics matohing.  EBarly semiconducrs
lasers were constructed from n- and p-type layers of the same semiconductor material, 8y,
lasers are called homostructyre lasers, Homostructure tasers have the advantage of strocryy,
simplicity.
' However, semiconductor lasers can also be constructed from n- and p- type Iayem o
different semiconductor muterials. Such lasers are called heterostrocture lasers. The energ:
band structure and index of refraction profiles of helerostructure lasers can be tailorad &
meet § given application,

The majority of commercial heterostructure semiconductor lasers are fabricated from
semiconductor matsrials in columns T and V of the periodic table, [Coluwmn IH is boroy
(B), aluminum (A, gallium (Ga), indium (In), and thallium (T1); column V is nitrogen ()
phosphoras (P), arsenic (As), antimony (8b), and bisrauth (8i).] Common laser material
inctude virtually all combinations of Al, Ga, and In, with P and As. Some work has bee
done with B, Al and Ga, with N; as well u5 Al Ga, and In with 8b, Vz:ry little has he:en_
dong with T1 and BL

Heterostracture lasers require layering these different materials, This is 2 very complex
problem, as the materials have different physical properties. Perhaps the most important of
these propertes is the lattice spacing. If the materials do not have the same lattice spacing,
then diglocations can appearin the semiconductor lasér, In addition to the structural difficul-
ties imposed by dislocations, dislocations can also be highly detrimental to semiconductor
laser operation as they can serve s a nonradiative sink for cardiers,

A very useful diagram for visualizing lattice mateh in heterostructure lasers is the
energy versus lattice constant diagram. (An example of such a diagram for II1-V materdals is
given in Figure 12.35). Motice that only the AlAs-GaAs system is lattico-matched atross the
entire compbaitional ratige. This is one major reason for the widespread use of AlGsAs/GadAs
heterostructires on GaAs substrates for semicenductor laser diodes,

12.3.4 Confinement in the Semiconductor Diode Laser

Since the electromagnetic mode in semiconductor lasers is on the order of the size of the
laser devics, then herizontal and vertical confinement are important issues in semiconductor
faser design. These issnes usually do not arise in conventional laser design, as conventional
lasers wre typically operating in & propagation mode xvhare the wavelength i3 much smaller
than the resongtor dimensions,

Vartical confingment. . Typically vertical confinement is provided by creating ma-
terial combinations with index of refraction profiles that confing the optical wave, Some of
these combinations offer the additional advantage of confining the carriers as well.

M3H. €. Casey, i, and M. B. Panish, Hererostrugnure Lasers, Parts A ond B (Mew York: Acadermic Press,
1978), Chapter 2,
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Homostrocture Iasers were the very first type of semiconductor 1aser struchire demon-
strated. A typical homostructure laser (see Figure 12.36) consists of one matedial type (for
example, Gas) with degeneraely doped p and n regions, There is only a slight refrac-
tive index change at the n-junction to assist in vertical optical confinement of the lsser
beam. Homostructure lasers offer the advantages of simplicity, but the disadvantages of
poor confinement.

Single heterostructure lasers were the {irst typs of semiconductor heterostructore faser
developed. A typical single heterostructure Gads laser (see Figure 1237) is composed
of a homojunction GaAs laser diode followed by a p-type AlGads layer (with a larger
bandgap and lower index of refraction). This geometry creates an index of refraction bump
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in the p-type GaAs layer. The index of refraction bump provides some verticsl confinement
for the laser action occurring in the ptype UaAs. Siagle heterostructire lasers provide
significantly more vertical confinement than homostructure lasers, but require more complex -
heterostructure growth processes, ’

&’.‘c Ei‘;

pAGaks ; |
' 1\ Figure 1137 A typical single
heterostrueture lager is composed of 3
homajunction lassr diods followed by a p-
2 type Jayer with 4 larger bendgap and lower
: index of refiuction. This goomefry crentes
s inden of refraction bumg in the plype
Guds Tayer, The index of rehaction bump
B By ) provides some viwticsl confinement for the
Katerial Band strusture  todex of refiaction leser ection.

!
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Double heterostrocture (DH) lasers have become the standard heterdstructuse laser
type. A typical DH GsAs laser (see Figure 12.38) is composed of a ptype GoAs layer
sandwiched between n-type and p-type AlGaAs Iayers. This geometry creates & large index
of refraction bump i the piype GaAs layer, The index of refraction bump provides vertical
confinement for the laser action occurring in the p-type GaAs. DH lasers offer 2 very nice
compromise between the advantages of an index puiding vertical confinernent layer, and the
disadvaniages of beterosimaomne laser growth, '

GRINSCH {graded-index separate confinement heterostructure) lasers offer both opti-
eal snd electrical confinement in an effort to achieve lower thresholds and nasrower beam
patterng. A GRINSCH laser is basically 2 DH laser, but one where the AlGaAs layer has
been graded down to meet the GaAs layer (see Figure 12.39). This provides both electron
confinement (from the energetic well created by the graded bandgap) and optical confinexnent
(from the index of refraction bump between the AlGaAs and GaAs materials).

CGRINSCH Iasers frequently find application as quantum well lasers, because the graded
bandgap provides & good “funnsl’” to confine the glectrons fo the the quantum well regivns
{sge Figurs 12.40), MOQW-GRINSCH lasers are very populsr geometries a3 they combing
many of the best features of DH lasers and guantum wells,

Horizonial confinement.  For many semivonductor lesor diode applications it is
necessary 1o confing the carriers both in the horizomial and vertical directions. The most
popular method for horizontal confinement is to restrict the size of the gain region, 2 method
ealled gain confinement, There are 4 large number of gain confinement techuiques, but the
most popular tend to fall into the categories of contact stripe, mesa eich, ion-frplantation
methods, and regrowth techniques (such as buried heterostrostures).

In the contact stripe method, the gain confinement is provided by restricting the spatial
gxtent of the metal contact (see Figure 12.41). This method offers processing simplicity,
but provides relatively poor confinement due to electron transport undernsath te stripe.
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In the mesa eich method, the gain confinement is provided by siching one or several
layers of the structure {see Figure 12.42). This method is more difficult to process (as it is
both highly nonplanar snd requires 4 sensitive etch stop), but it offers significantly better
confinsment than the contact stripe method.

In the lon-implagtation method, ions are implanted i regions other than the reglon
of interest (see Figurs 12.43). This method offers process simplicity and provides a good
quality owtpit besim, ' '

In the birted heterostructure method, the gain region is zurrounded in both the vertical
and horizontal divections by a waveguide of material (see Figure 12.44). Thas, the buried
heterostructure process is a two-part method. Fist, an initial set of layers is grown in an
epitaxial system. Then, the wafer is removed from the epitaxial growth system, processed,
and retumed o the system for new layers to be grown on the materfal. This process
provides outstanding confinement, as the laser Is essentially operating in & squure waveguide.
Howsver, the two-part process oyele is exceptionally complex.



432

Other Major Commercial Lagers

o+ GaAs

\ {
Pl
, Ee E,
Material Bangd struchurs
N Mol contact
m\\ 7" Bificon dioxice
pe ks

b AlGaAs / \ Currant

p Gads

n AlBass

p AlGaAs

n GoAs

n AlGaAs

12.3.4 The Quantum Well Semiconductor Diode Lagser

A quantum well is a heterostructure composed of two materials of differing bandgap. The
two maenals are fabricated in a sandwich with the higher bandgap material forming the
oniside (or barser) and the lower bandgap material forming the inside (or well), Under
these conditions, encrgy wells are created in both the counduction and valence bands of the
heterostrushue {see Figure 1243),

7

 good “funnel” to confing the dlectrons 1o the

Chap, i

Figuer 1240 GRINSCH lasers frequenty
find spplication a5 gquantum well lavérs,
because the graded bandgap provides a
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Figure 1242 T the mesa ewh methnd,
the gain confingshent is provided by eiching
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Discrete quantum states (similar to states in a kydrogen atom) will form in the condue-
tion and valence wells (see Figure 12.46). As with 8 hydrogen atom, electrons transitioning
between these states will produce photons possessing the difference energy between the
states,

However, pilike 2 hydrogen atom, the energy of these guantumn well states is 1 function
of the width of the quantum wells. The narrower the quanturs well, the larger the resulting
teapsitional energy (to the gventual limit that the transition energy between the first valence
and first conduction band state matches the energy gap of the bartier material), The wider
the quantum well, the smaller the resulting transitional energy (10 the eventual limit that
the transition energy between the first valence and first conduction band state matches the
energy gap of the well material),

In engineering practice, quantum wells provide the means to manufacture semicon-
ductor lasers at any wavelength betwesn that of the bartier material and the well material.
In addition, quantum well lssers provide lower lasing thresholds and higher differential
quantum efficiencies than equivalent DH lasers,
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Figure 1243  In the ion-implactation
n AlGaAs miethed, dons are fmplanted in tegions othes
thun the reglon of intercer,

e

M\\MM’;@@&;}I contact

SRRV

MM—\\\ Sifison divxide

Figure 1294 In the buvied heterostricture
method, the galn reglon is surrounded in
both the vertical and borlzontal directions
by a waveguide of material,
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Figm’i 1245 A quantum well 15 a beterostructure composed of two materials of dif-
fering bandgap, Undsr these conditions, energy wells are creatsd in both the conduction
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Figure 12,46  Discrsle quantum stefos (similar 1o siaes in 8 bydrogen stom) will form
i the conduetion sad valence wells of 2 quantum well material,
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.....

Well withh (angstroms)

Figuve 1247  The norsovier the guantura well, e Javger the sosulting wansitional go-
ergy (1o the eventual Ty thas the transition eoergy hetwsen the first valence and fint
conduction band state waiches the ensrgy gap of the bagder waterdal), The wider the
guanium well, the smeller the resulting transitlonal energy (to the eventual sl that the
fransition emergy betwesn the first valenge snd fivse condietion hand state matehes the
semrgy mep of the well matetial).

12.3.5 Application Highlight: The GD Player

introduction to the CD audio player.  The CD audio player {and its close rela-
tiva, the CD ROM) are probably the most widely known spplications of laser diodes.

A CD gisk contains 8 long string of pits written helically on tracks on the disk. Bach
pit is spproximately 0.5 pm wide and 0.83 um to 3.56 pm long. Bach track is separated
from the next track by 1.6 um. The CD disk is actually read from the bottom. Thus, from the
viewpoint of the laser beam reading the disk, the “pit” in the CD is actmally 2 "bump.” Inter-
estingly snongh, the edges of each pit (rather then the pit itself) correspond to binary ones.
The signal has been encoded 10 ensure that there are no adjacent ones. (See Figuwe 12.48,)

The polycarbonate disk itself is part of the optical system for reading the pits (see
Figure 12.49). The index of refraction of air is 1.0 while the index of refraction of the
polycarbonate is 1.55, Laser Hght incident on the polycarbonate surface will be vefracted st
a greater angle into the surface. Thus, the origloal incident spot of arownd 800 ym (entering
the polycarbonate) will be focused down to about 1.7 ym {at the metal surface), This helps
to minimize the effect of dust and scratches on the surface.

The laser used for the CD player is typically an AlGads Jaser diode with a wavelength
(in air) of 780 mm. The wavelength inside the polycarbonate is a factor of 1 = 1.53 smaller
{about 300 nm), The pit/bump s carefully fabricated so that It is a quanter-wavelength high
(notice 2 wavelength inside the polycarbonate). Light striking the land travels 1/4 + 14 =
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8.5 misrons

Figure 1248 A CD disk contains n lang steing of pits written helically on tacks on
the disk. Rach pit is approximately 0.5 microns wide and 0.83 microns 10 3.56 mivrons
long,

Dapth s 14 wavelength

of incident lasst light e 1.7 100

W
n=1.58% ' 1.2 mm
17 dag Flgurs 1249 The polycarbonate disk is
) puart of the optical syster for reading the pits.
% The original incident spot-of around 800

mécrons {eatering the polyearbonate) will be
=190 focussd down to about 1.7 mderons (&t the
' metal surface), This helps o meistimize the
affect of dest and seratebes on the surface,

1/2 of a wavelength further than lght striiling the top of the pit. The light reflected from
the land is then delayed by 172 wavelength, and so is exectly out-of-phase with the Hght
reflected from the pit. Thus, these two waves will interfere destructivaly.

The spacing between pits s also carefully selected, Recall that the Image of 2 beam
passing through a round aperture will form a characteristic pattern called an Airy disk, The
FWHM center of the Alry disk patters is 4 spot showt 1.7 pm wide and falls neatly on top
of the pit track. The nulls in the Alry pattern are carefully situated to fall on the neighboring
pit tracks. This minimizes crosstalk from neighboring pits.

The thres-beam optical irain.  The most common optical train in modem CD
players is the three-beam optical train (see Figure 12.50).

The basic operation of the optical train relies on the polarization properties of light. :
Light is emitted by the laser diode and enters a diffraction grating. The grating converis n
the Hight into a ceniral peek phus side peaks. (The main central peak and two side peaks :
are imporiant in the tracking mechanism) The theee beams go through a polarizing beam
splitter. This only transmits polarizations parallel (o the page. The emerging light (now
polarized pavallel to the page) is collimated. The collimated Hght goes through a guarter
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Flgure 1358 The most common optical irein in modem CI players is the threp-beant
opticsl train, : .

wave plate and is convarted into clrculady poladzed light. The chreululy poladzed light
is then focused down onto the disk. I the lght strikes land, it is reflected back into the
objeciive Jens; if the Jight stitkes the pit, it is not reffected, The light then passes through
the guarter wave plate again and emerges polarized perpendicular to the original beam (in
ather words, the light polarization is now vertical with respeet o the paper). When the
vertically polarized light hits the polarizing beam splitter this time, it will be reflected (not
teansmitied as befors). Thus, it will reflect though the focusing lens and then the cylndrical
lens and be imaged on the photodetector array.

Three-beam putofocus.  The separation between the laser and the cornpact disk is
critical for the correct operation of the CD player. A clever sstigmatie aitofocus mechanism
is nuged to maintain this distance. This autofocus mechanivm Incorporates a cylindrical lens
immediately in front of the photadetestor array (see Figure 12.31)

If the objective lens is closer w the compact disk than the focal length of the object
lens, then the cylindrical lens creates an slliptical image on the photodetector array. If the
objective lens is further away from the compact disk than the focal length of the object
lens, then the cylindrical lens again creates an elliptical image on the photodetector array.
Huowever, this elliptical image is perpendionlar to first Image. (Of course, if the disk is right
at the Tocal length of the ohjective lens, then the cylindrical lens does not affect the image
avd it i3 perfectly circular) 4

8o, if the disk is too far away, guadrants 1) and B will get more light quadrants A and
C (see Figure 12.52), Similarly, if the disk is oo close, guadrants A and C will get morg
light than D and B, If things are just right, then all quadrants will get the same amount of
light. So, it is possible to build 2 simple cirenit that will maintain the object lens at just the
right distamce from the disk,

Thres-beam acking.  daintaining the laser beam on the track is also critical for
the correct operation of the D player. The three-beam optical train uses thiee separate
beams to maintain the tracking. These beams are created by the diffraction grating (see
Figure 12.53). When the laser beam goes through the diffrection grating, it is split up into a
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Figure 1251  The separstion bevwesn the laser and the compast sk §s evitica] for the
correct speration of the CD glayer. A clever astiginatic autofosus mechaniyn i¢ used to
maintain this distance,

Figure 1252 ¥ the ovbjective lns &
closer to the compiact disk duwma the Focel
tength of the object Jens, then B oylindical
fens creates an slfiptical hmage ou the
phitodetector array,

Figure 1253 The free-besm optical wain

Thres heams asés Uhree separsie beams fo keep the laser
used tor racking beam on the rack, Those beams are created
by the diffraction grating,

central bright beam plus & number of side beams. The central beam and one beam on each
side are used by the CU for the wracking syster,

To appraciate the tracking mechanism, consider a segment of the CD player containing
several tracks (see Figure 12.54). If the oplical head is on track, then the primary beam will
be centered o 2 track {with pits and bumps) and the two secondary beams will be centered
on land. (The three spots are deliberately offset approximately 20 microns with respect to
each other 1 avoid erosstalk.) .

Two additional detectors are placed alongside the main quadrant detector i order 10
pick up these subsidiary beams, I the dwee beams are on track, then the two sobsidiary
photodesstors have equal amounts of lght and will be quite bright becanse they are only
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0.5 microns PR .

Figors 1254 I the optical head s on track, then the primery beam will be centersd
pn & track (with pits sad bumpe) and the fwo seeondary beams will be ceatered on land.

Figure 12.58  If the optical head is off track, then the center spot gets mors Lght energy
(beopuse there ars fewer pite off tack) and the side detsciors will be misbulsneed.

tracking on land, The central beam will 'be reduced in brightness because It is tracking on
hoth land and pits (see Figure 12.534), However, if the optical head is off wack, then the
center spot gets more Nght (becanse there are fewer pits off tack) and the side detectors
will be mishalanced (see Pigure 12.55).



#40 Other Major Commercial Lasers  Chap, 15

Additional aptical storage a;}yiiwﬁms using lasers. The CD audio playe;
is just one of many optical starage applications using lasers. The CD recordable (CDR) i+
another technology advancement in the optical storage area. The CD-R uses a laser bear
to interact with a nonlinear dye and “write” pits in the UD-R disk. CD-R disks are “writp
once” devices, but offer exceptional performance for archival applications. (This textbook
was delivered to the publisher on 2 CDR disk,)

Magneto-optical storage is another fascinating laser diode application, Mﬁg}l&t(}c}pﬁga{ 5

" systems pse a laser beam to change the orjentation of a magnetic material. The process
requires heating the magnetic material to near its Curie temperature and using the focused
field of the laser to localize the change. The resulting magnetic spots are read optically
using either the Kerr or the Faraday effact. '

Amnother opfical storage agplication that is just achieving success in the commercial
marketplace is the DVD or digital video disk player. A combination of CD laser technology

“and clever digital slgorithms has resulted in & more robust alternative to the video taps

maching.




