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AnSTRACT. The interaction of light with mattcr leads to eiectronic excitation by the absorption
of photons. A large fraction of the high cxcitation energy of the electrons is transformed into heat
on a time scale of about onc picosccond in many rircllmstances. \\'ith lasers, po\Ver flux ocnsities
or intensitics exceeding a terawatt/cm2 are rC'adi1y aclIic\'C'd ami any material may be converted
into a high temperature plasma. The matprial response has 1)('('11 invcstigatrd over a \Vide range
of intensitiC's and irradiatioll times. Applications include ht'at treatmcnt and ablation of surfaces!
cutting, drilling alld \Velding of a wide variety of materials! las('r recording ancl printing, and laser
surgery. Phase transitions iuduccd by ultrashort fCIlltosecond laser pulses elllargc our understallding
of materials undrr extremc conditions of pressllre and temperature.

nESL:~tE:-:. La interacción de luz con materia conduce a excitaciones electrónicas por la absorción
de fotones. En muchas circunstancias, una fracción importante de la energía (le alta excitación de
los electrones se transforma en calor en lIna ('scaJa <le tiempo de aproximadamente un picosegulldo.
Usando láseres se consiguen f.l.cilmcllte dellsidades o intensirlacies de flujo (le potencia por encima
de terawatt/cm2 y cualquier material se puede convertir en un plasma <le alta temperatura.
La respuesta del material se ha im'C'stigado en un amplio rango de intensidades y tiempos
ele irradiación. Las aplicaciones incluyen el tratamiento por calor y ablación de superficies, el
corte, taladro y soldado de una amplia variedad de materiales, el grabado e impresión por láser
y la cirugía. Las transicioncs de fase induci(la." por pulsos nltrarrápiclos de láser de algullos
ferntasegulldos incrementan nncstra comprensión de los lIlatprialcs en (ondiciones extremas de
presión y temperatura. (Traducción de los (;ditorcs.)

rAes: 3-1.80.Qb

1. I:"THOIlUCTIO:-l

The sun at the zenith on a clear day irradiates Ihe smface of the earth with a pmwr
flux density of 0.14 wattsjcm2 Such an exposure makes us [ee! uucomfortably hoL When
sunlight is concentrated by a conwrging lens or mirror materials may be heated to t hree
thousand (lrgrces 01' morc. Largc-scale solar furnac('s have existc<1 for dccades. It was
already knowu in Greek antiquity that sunlight concentrated by a spherical flask with
transparent liquid could ignite dry stick, of wood [1]. When the Phoenician Heet be!ea-
fJ"uercd the harbar of Svracllsc in 212 n.c. Archimedes proposed to set fire to the rigging
o "
of the enelllY ships by having soldiers use their shiny shields to concentrate the s\lnlight
onto thcm .

•This work \Vas supported in part by Joint Sen'ices Electronic llnder Contract I\00014-89-.J-1023.
It was presetlted in a public lecture at U:L\A}.I 011 8 l\O\'ember 1993.
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\Vith lasers it is straightforward lo obtain much higher flux dcnsities. Consider, for
example, a one watt argon ion laser. The diffraction limited beam could be focused to
a spot size of 10-8 cm2 by a microscope objective lens, leading to a continuous wave
power flux density of 108 watts!cm2• \Vith a powerfullO kW cw CO2 laser a flux density
of 10'\ watts!cm2 can be achieved on an arca of 1 cm2 virtual!y without focusing. This
flux density is roughly equal to the flux density prevailing at the sll1'face of the sun, i.c.,
black-box radiation of about GODO K.
In addition to concentr;ltion in space, light fluxes may be concentrate,l in time. In

pulsed Q-switched and mode-locked lasers, pulse durations in the range of 10-8 to 10-11
,econds are readily achie\wl. Consider a smal! Nd-Yag ¡aser delivering 100 mil!ijoules of
light energy per pulse. If this light is emitted in 10-11 s and focused onto a spot 1 mm in
diameter, a power flux density of 1012 watts!cm2 is obtained. One terawatt, or 1012 watts,
roughly equals the total power output of al! e1ectric power plants on earth. Imagine this
po\\"cr COllcclltrated un 1 cm2. Que obtains flux dcnsities comparable to thosc prcvalcnt
in thc interior of 8ta1'8, corrcsponding lo blackbody radiation at 106 K.
It is clear that absorption of laser light leads to very rapid heating of opaque materials

to very high telllperatures. Mclliug, evaporation and high tellJperature plasma formation
may occur. The high lemperature conditions may be quite localized in space and time.
In the next section the fundamental processes of light absorption wil! be outlined.

Thc basic intcraction Inechanisms in mctals, in scmicondllctors and in matcria1s tllat are
optical!y transparent at low light intensities wil! he reviewed. Different behavior depending
ou a wide range of power flux densities and interadion times (or pulse duratious) wil! be
described.
The fundamental scientific ideas of laser interactions were developed in the decade

immediatel)' fol!owing the realization of the £irst laser in IOGO.TIeaders who wish more
dctails should consult a Illonograph, published in 10i!, which coutains lIJan)' rdcrenccs
lo carly, original litcratllrc [2]. A more 1'cccnt rcvic\v 01' lascl'-matcrial ir1tcractions may
be found in a stud)' which considered the action of high power lasers as weapons [3).

Scction 3 describes variolls important applic(lt.iollS based on tlIc fundalllf'nt al effcct.s.
Rcprcscntativc cxamples are taken [r0111lascr printing and rccording, [roIn lascr surger)'
and from metal\\'orking. 'fhe time seale, the power flux densit)' allr! the utilized laser
\\'avelength r!epellr! strongly on the tcchnological objcctive.
Section <1is de\'oted to the interaetion \\'ith ver)' short light pulses of picosecond or

fellltosecolld c!lll'ation(IO-11 to IO-J.! s). On these shortest time scales local thermor!y-
namic r<}l1ilibrillm is not assurcd. Intcrcsting p}¡cllomcna associatcd with phasc transitions
on t his time seale are reviewec!. Pl'Oductiou of high-telll¡H'rature, high-densit)' plasma is
achieved Oll these time scal(', at po\\'er flux c!ensities in the rallge of 1012 to 101" \V!cm2
Section ;j contains a bricf Sl1ll1ll1ary.

2. FU:<DA~IEXTAL I'HOCESSES

The primary process is electrollie excitatiou by the absOl'ption of a photou, if the mat('-
rial is absorhing at lo\'-' light illtensitil'S. In lllctals the dominant absorption lll('chanism
involves [r('('-fr('c transitiollS. A condllction clcctron illcrcases its killctic cllcrgy by thc
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energy of th,' pholon hIJ, II"hile momenlum balance is maintainecl by the sinmltaneous
collision with anotl1er particie, for example all ion corc. The proccss is knowll as ¡¡inn~rsC'
bremsslrahlung" becanse bremsslrahlung is IIH' process of radiation II"hen an electron is
scaltered during a collision and cons"quenlly loses kinetic "nergy. The absorplion causes
th(' tempcraturc of the ('onductiol) clcctron gas to risco I3y clectron-phollon intcractioll,
the absorbed cllcrgy is trallsfert"pd in part lo tIJe molÍon of t1l(' atollls al' ious makillg
up tite lllctallic lattice. Typical transfrr tinH's bctW(,(,ll hot ('1('ctro115 and thf' latticc are
on the ard"r of on" picos"cond for most mat"rials. The h"ating by free-fr"e transilions
is usnally lI"ell describ"d by a Drude mode!. The highly collisional e¡ectron plasma has a
shart electronie r"laxation tim" Te. This I"acls lo an dI"eti,.e high-freqnency condueti,.ity.
II"hich describes th" rdleelil"it)" as \\"('11as the p"n<'lration cI"plh of the transmitl"d light.
Usually ,.isible light p"n"lrat<'s a distance of 3 x IO-G to 10-5 cm into lhe mela!. In
lhis thin la!""r the initial h"al procluction tah's place. Th"nnal condnetion lI"ill carry h"al
dee¡wr into the mela!. The IH'netration clepth by heat eondnetion is on the arder of Jf'l;,.
II"here" is the thermal cliffnsi,.ity and 1" is 1111' clnration of th" irradiation. The th"nnal
conclucli,.ity" lies betll""en 0.1 ancl 1 cm2js for most ¡netals. ¡kat diffnses betll"een Imm
to 1 cm in aIle second, as \\"(' kilo\\" frolll stirrillg a hot ('np of tt'(l with a Illptni SpOOll. For
tp ~ 10-10 s the diffnsion Iength is eomparabh' to the p<'lletration or absorption deplh of
the light in metals.

In sCllliconductors tile p!lotOll f'llf'rgy 1ll1lSt.cxcced tIte han<1 gap in 01'<1('1' to ha\'c
significallt absorption, Thp hasic proc('ss is 1I0W 1.11('rrration of au elpctron-hoJe pair.
correspondillg to a t1'ansitioll of aH elcct1'on f1'olll the valencc to the condllctioll bando
The c1('etrons and holes may hal"e a considerable kinetic energy IIlJ - Eg. This energy
is ralher rapidly shaJ"(,d \\"ith tlll' latlie(' vibralions and leads again to healing of lhe
semiconductor material, agaill 011 a t.illle seale of picosccon<1s, In illtellse Jase1' plllscs the
dellsity of (')Pet rOlls lllay i>ecolllc so lJigh, t1la1. rapid e1ectroll-llOlc 1'ccOlnhiuatioll occurs
via Allgr1' pro('ess<.~s, i.e'l tlle otlH'r carrit'rs take np tIte H'eolllhinat.ioll (,llcrgy £9 as wello
In tltis case 1.1Ie iwhayior of sPlllieolldllctillg matcrials hc(,ollH's 1'at1lc1"silllilar 1.0 tha1. of
metals,

Insulating lIlaterials, wi1.h !tI) « Eg• aH' opti('ally transparellt, 1\1. ycry high 1'adia1.ion
in1.cnsitics Illultiphotoll p1'ocpsses \W(,OllJe SllfIiciclltiy prohable, that significant concen-
trations of condllction eleclrons are creal"d. W)¡"n this happ"lIs the slIbsequent healing
Illcchallisms b(,colll(, again ratlie1' similar to tllOsC d('scrilH'<1 for llH'tals and semiconduc-
torso

This ralher eoarse d"scription does nol do jllstic(' to the vasl amoullt of details that
solid state physics has amasspd abollt t1l(' strlIctllre, tllPrlllal amI ('1<'ctronic prope1'tics of
thollsallds of matN;als. Strikiug diff"J"('u("('sde¡wudiug ou details of Plectrouie str\lelme are
evideut in speelroseopi" st\ldies al lo\\" illteusil)". The global eff,'cts of lJigh exe¡tations;
to which tItis re\'Ícw is limit('d. are rat her similar for many llIatprials, Significant laser
heating leads to llH'lting. e\'aporatioll alld pla:"'llla forlllatioll of all targ('t~,

For ('xeilatioll \\"ith po\\"er fiux deu,iti,'s ,'xl"l'ediug lO kWjem2 h"al losses at lhe smfaee
cIue lo radiatioll and con\"('Cli\'(~ ('oolillg lllay br ignored, Thc po\\"cr flux d(,ll~ity of Llack-
body radiatioll is gi\"Cll by Stpfall-BoltzlllaIlIl la\\'. aT'I, and COIT(,SPOlHis to 1 k\V/cm2

at T = 3G-l4 l\:. a tcmperattlr<' al>O\'(' 111(' boilillg point of lllost materials, CUll\'CCti\'('
cooling by air-flo\\" oyer a :3000 K surfac(' at a ~larh 111l1ll1)('r Huit)' é\monnts to 0111:; a fe\\'
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FIGUHE 1. ~leltcd depth in )'ello\\' brass as a function oí time [or Yé\riolls laEicr flux densitics (after
J.F. Ready [2]).

hundred W jcm2 Thus the absorbed energy from laser radiation sen.es ba,ically to heat
the materia!. Assume that both the laser spot size "0 and the material thickness do are
large compared to the diffnsion length ("lp)I/2 In this case the temperature rise T - To
at the surface may be estimatee! fmm

(1)

where (1 is the densily, Cv lhe specifie heat per unit volume, R the refleelivity and lo lhe
laser intensily. Figure 1 ,hows lhe lime it lakes for lhe surface of yellow brass lo reaeh
the boiling point for various laser power flux e!ensilies. It also shmvs lhe deplh to which
the sample is melted.

The time for nH'lt-thmugh 1m of a sample of lhiekness do, assuming that lhe liqnie!
materials is remon,d by gravity or by a eom.eclional shear flow may be estimated fmm

(2)

where T~I is the nH'lting temperature ane! L~I is the latent heat of melting. With R = 0.8
for aluminum at a certain wavelength and do = 0.5 cm, one fine!s a time for melt-through
1m = 0.65 S at lo = 10 k\Vjcm2 In lhe early e!ays a ruby laser pnlse of 1 Joule, of
1 ms dl1ratioll and of ahout 1 mm diamctcr ('Quid pUlIeh holf's tbrollgh él l111ml)('r oí razor
blades. Thc strengt" of the pulse was measur"d in the unoffieial units of "gillettes". The
steady-state rate of evaporation from thick larget may he estimated fmm lhe energy
conditioll

(3)
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Here Ile is the enthalpy of the gas phase and the rate of mass remO\'al per unit
is also related to the surfaee temperatmes T oy

, .\[ \'(T.)() )I(1~)111 =..1 o 1 s v.: ::::: . 1/2
(hkT,Mo)
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area, 111

(4)

Here p(T,) is the \'apor pressme at the temperatme T" N(T.,) the eorresponding numoer
density of atoms or moleeules with mass .\[0 in the vapor. Equations (3) and (4) determine
the temperatme T., t he smfaee assumes under steady-state eonditions, Carbon has one
of the largest mlues of Ileti}), the heat of eyaporation. Acconling to Eq, (3), a proteeti\'e
heat shield eontaining 1 g/cm2 of carbon. with Il, = 32 k.J/g would be e\'aporated in
about 3 seeonds for 10 = 10 kW/cm2, assuming n < 0.1. These simple examples giye
us an estimate of laser capabilities. ~Iore elaborate ca!Culations gi\'e details about the
temperatme distrioution inside the sample, the influeuce of radial heat diffusion from
small lasrr spots. tlle yariatioll of r('fipctivity. IIrat condl1cti\'ity and specifie heat with
temprratllre, etc.

The ll10st irnportant modificatioIlS ari~e at high flllcnccs from t.he faet that the yapar in
front of the smface becomes su¡¡iciently dense amI ionized, such that the laser radiation is
signifieantly absorbed by the plasma [41. The targel material oecomes decoupled from the
laser radiation, but mal' in lul'll be rehealed by UV radiation from the plasma. Additional
chemical reaetions mal' take place, if lhe target is not boundecl by yaCUll1l1out is plaeed
in air 01' another almosphere. Ir the larget is initialll' highll' reflecting for laser light, a
localized plasma blob mal' be formed by the eyaporation of an absorbing dust partide.
the localized heated plasma \Vill in tll1'lI heat. its slllToll11dings hy UV radiation \Vhich is
not strongly reflected by the target. Thus 1he coupling between target amI the laser beam
is enhanced in this case. Plasma cl[ects are usualll' important in the range 106 W/cm2 <
ID < 1010 W/em2. Por ID> 1010 W/cm2 about 1 .J/cm2 ofenergl' gets deliYerecl in lO-lO s.
In this time interyal the heat dif[usion !ength is less than the absorption depth which is
assumed to be lO-5 cm. The energl' gets deposite,l in a layer about 10-5 cm thick. A
straightforward estimate shows that this layer, regard!ess of the natme of the substance
gets heated to 101 1\ 01' higher, well aboye the critica! point. The material is tlms rapidll'
transformed into a high tem¡H'ratme, high density plasma. This regime will be considered
in Sec!. 4. The next section deals with large-scale practical applications of lasers at flux
densities below 108 \V /cm2

.

3. ApPLlCATIO:\S 01' LASEIl-~IATEIlL\LS I:\TEIL\CTlO:\S

One of the earliest large-scale technological applications is laser printing. An argon-ion
laser with a ew output of 1 to 10 watls mal' be focused to a spot with a diameter of
about 10 ¡flll. Consider a mylar sheet coated with a film, about 0.5 ¡flll thick, of metallic
aluminum 01' chromillm. The cOllsiderat.iolls of t.ile prcviotls section show that a hole in
the metallic film is created by e\'aporation in less than II'S, The laser spot can be scannecl
rapid})' and modlllated in intcnsity to cut a pattern ill thc film. Since the metal and mylar
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present different adhesive properties for a printing dye, laser fabrication of printing plates
is achieved.
Information can also be recorded by ¡aser spots with a linear dimensions of 1 /"11,

comparable to the optical wavelength, onto photoresist material. The light produces in
this case a change in electronic liukages, rather thau a temperatnre change. Subsequent
chemical etching reconIs each bit of information on an arca of 10-8 cm2 This process
is used in the reconling of compact disks. OIl(' CD has a storage capacitO' of 1011 bits,
sufficient to record the entire Encyclopredia lll'ilanica. The infonnation is read with a
small infrared semiconductor laser « 10-.1 W), which senses the phase difference of the
reflection from the etched snrface.
It is also possib!e to record information on magnetic tapes by means of lasns. The

magnetized tape is put into an external magnetic lield with reverse bias. The magnetic
anisotropy prevents domain rotation and flipping of the magnetization. When the laser
foca! spot heats a doma in closer to the Curie temperature the magnetization will flip.
The bits of laser-recorded information can in principIe be read out by a low power
polarized light beam, as the polarization of the reflected light depends on the state of
magnctizatioll.
Argon-ion lasers are also used to heat living tissues in the human body. The light gets

primarily absorbed by red blood cells. An early application was the repair of detached
retinas by treating scar tissue. The laser bealll passes through the eye ball without doing
han11, because it is not yet focused and the eye fluids are transparent. The beam gets
focused on the retina where cells in blood vessels are evaporated and an exposure of
suitably short duration ],,'c\'ents damage to the stllTO\nHlings charred. Thus UIan)' tin)'
spots of scar tissue may be forllled to repair retina! tears 01' even pan-retinal detachment
which often occurs in severe diabetes cases.
The laser treatment of port-wine stains provides another examplc where differcntial

absorptivity of living tissue plays a crucial role. The birthmark is caused by an abnonnal
high concentration of tinO' blood \'essels in the skin, separated by normal tissue. It i5
possible to adjust the intenoity and the pulse dlll'ation of the argon laser such that the
arcas with excess blood vessels get heated in the tempcratnre range of 50°-90°C. The
protcins in these cells coagulate (compare boiling of an egg) and the cells are killed.
The normal regions in between do not reach the temperatnre of 50°C and remain alive.
Careful timing depends of cOlll'se on the knowledge of the typical dimensions and heat
conductivity of the heaJthy tissue between blood \'essels.
In photodynamic therapy, certain porphyrin dyes are introduced into the body. These

dyes may be preferentially absorbed by cancerous tissues. Laser irradiatiou at wavclength
near the maximum dye absorption may be used to preferentially kill cancel' cclls.
The radia tion of caz lasers near 10 I"n wa\'Clength is strongly absorbed by all water

containing tissue. They can be used to evaporate discased tissue, for exalllple of the li\'Cr,
without causing helllorrhages, as the blood vessels at the edge of the treated arca are
cautcrizcd.
Laser bcams in tlle Dcar infrarrd, 01' at shortcr wavclcngth, can be fOCllscd to a spot sizc

of 1 lim, 01' they can be chauueled iuto an optical liber of dimeusiono of a few lim. SlIch
spots rapidly evaporate tissue and can make ClltS that are sharper than the best mctallic
surgical scalpel can produce. !llanO' ne\V slIl'gical procedures have beeu dC\'eloped, IIsing
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a yariety of lasC'r;.;. IllY<I:-iin' pro('cdllrt,s are lIlinilllizcd, as the ligb! 1)('0\111 ('au 1)(' :-;1('1'1"('<1
lo in<lc('('ssi\l!(' loratiolls by ('ll<1osCO¡H'S aul! optiral fil)(,1's.

As an ('x;lIllp!1' of t1l(' pn'cisioll whjeJ¡ is attaillahlp 1):, las('r tr{'atIIH'llt. let liS cOlIsic\rr
tlu' illt('ranioll of an .:"\l'F rxcillH'r las('r 1>111.....(, \\,¡tb él hUlIlan hair. It i:-; po,,:-:.ihjp to ahlatr
1 IlllllH'r pul.",<' and lo drill a ho1<' throng,h the hair. SlIch im!s('s lIlay abo he llsrd lo drill
a hole throllgh industrial dialllOll(b. lls('d ill wirp drawillg 1)I'Oc('SS(,,"'.

With s"ch p"lsed laSl'!" th,' PO"""!" 1"\,,,1 is s"ffici"lili,' hi~h Ihal plasma ('ff,'cls may
ilrcOllle importan! in tlH' aLlatioll proc('ss. A r<'(,(,llt dC'tail(,d <¡U<llllitatin' stlldy was carril'd
out witlt ('xcinH'r la."'('1' pnls<':-' OH eo})p"r [.1]. Doth :\rF at ,\ = 1!J:3 nlll aud Xd'~ at

,.\= 351 Illll \H'rr 11:-('<1with a pllb" dllratioll of abollt 10-8 s, 1'1](' pO\\'(,1' flux dPtL"ily

was \'arird frOlIl 0,1 to 1.2 Cj(,1ll2 alld tlll' ('IH'rgy fllll'IICI' cOV('J"('d tll!' 1'Flnge frolll 1 10
12 .l/cm:!, Four stpps {"(lllld \)(' distill¡.!,lli,"';\H'd, First l'\'aporation O('('l1rs. !(';uiing to t1J('l'Illal
t'tching of tlt(' copprr :-111"fa ('(' , :\('xt 11I1IltiphulOll iOllizatioll ill th(' (,0PIH'I" \'apor takf'S
pInce'. Elect rOIl hral illg alld ('1('('1 rOIl-at Olll collisioll ill<ill(,1' flirt }¡(,1' ionizat ion, H's1111iu¡..;, in
:-;park-likt, hn'akdO\\'l\ of 11}(' \'(\por. lB tilP filial ste¡> PIH'rgy is trallsportl'd from tl](, plasma
h;lCk to tlH' ell salllplC'. I'Psllltillg ill plaSIIl<l t,tching,

Laser ('lIltin/!, is abo \\'i(l('ly IIst'(1 ill 11](' l('xtilt, illdllsl!'y. Cllttillg pattprns 11Ia~' \)('
progratllll}('d by 1ll0\'ahlp lllinors alld a c!pall ('111 Il\a~' 1)(' p1'o<1I1('('<I in all.\" lIlatl'ria1.
TIH' trilllllJing of {'rramic {,OIIlPO\l('lIls. ('.y .. l'Psjqor:-- ;lIld rapacitors in the e1pctrollics

comp01H'lIt industry is aIso all important applic;ltioll. Silinm cr,\'stal \\'aff'rs <-trl' ilIlplalltPd
with ious (horoll 01' p}¡osphorlls) to o\)laill J)-Iypr all<1 lI-type layt'rs fol' tIlr fa\lricatioll

of <liodr jllllCt.iollS alld trallsistors. Aftl'l' iOIl illlplalltatioll t.1\{' crystallillc stnH'lun' is
damaged, Wil]¡ 1'"ls('d la,,'!" lJ('atillg t 11<'illll'lant('d layn lila}' be allll<'"I('d <¡uickl,', \\'it I",ut
apprcciahlp tlH'rmal difl'lIsioll of tJI(' illlpl;llItt'd impllritips. Tlms siJarp nJ¡-t~'I)(' jllllctiollS
an' ohtaillt'd ill IIrar IWI'f{'ct :-;illglr crystal \\'afpl'5,

TiJcrl' is a ¡,!,PIH'1'al tn'lld to n'plare lIIost lowt'l' pOW(,1' gas la~{'rs \\'itll lilOI'C rllggt'd and
I('ss CXIH'IlSin' "";('llliconc!lIctor lasr1's, Th<"",;p al~() han' a llll\('lt longf'r lifpt.illH'. SPlllicOlldll('-
loI' lasrr arra.\'s \\'ith all OutPlIt cXC('t'dillg 01](' \\'att ;¡n' J¡('illg dL'\"('lO¡H'd. Cp (,oll\'('rsiol\

of thr s('IJlicOlldll('tor la.-;('r to thr \'j.-;i]'lp hy i1armollic g<'lJ('rMioll in illt('gratcd solid ....tat"
d('\"ires is a1."o pos ...;ihlt'.

TJ¡(' Illost pm\"prfl.ll l"" las!'!'s al'<' ti\!' (,O:.! lasPl's !l{'ar 10 IlIll \\'i\\'{'I{,llgrh alld tlH' 1J~'-
dl'ogl'll Hllorid(' dH'miea! la~l'rs in tlH' Illi<!-illfrared rang('. Tltr fOI'IlJ('1' ar(' lI.-;r<1 OH ;¡ !;lrg<'
:-:caie ill tllt, hpi\\'y IlH'tal \\"orkillg illdllstry. \\'IJiclt lltilizps e02 lasprs \\'ilh outpnts 1)('t\\"I'f'1J
,j alld 2,:; k\r. Thry aH' 11.~('d lO cut ,...;1('pI l)('am:"l or hlltt-\\'rld t\\'o lH'alllS s('\'('ral illdH'~

¡!tick, Tllt' <llltolllotin' illdll;-;tr~" uses tll('1I1 fnr chas,-:is fal,ri('atioll and for surfa('(' J¡pat
tn'atmcllt of IIlrtal parts. For pxalllplp, tití' sll1'f;-I('(':O:;of g('ar~ 01' tlH' eylindrr walls of a
(,olllhllstioll ('ll¡.;illC shullld 1)(, liardellt'd lo I'P<111('(' wt','lr frOlll frictioll. \rilh minor ....;and

a eo'] las{'r \l('éllll il. is pos,...;j]¡lc to rapidl,\" 1Jeat <llld cool (qU<'ll{"lI) t,ll(' ."Ilrfa('('~ ollly.
(¡\'oidillg hrit t Ipl1(,~s of t j¡p 111dk material. I.a,...;prs an' ;ti:-:o Ilsrd to drill ('oolillg c}¡allll('b

Ij('ar thc tip,...; of titaniulIl [all hladrs to illlprm'(' ti\(' dli('j('II(,Y of j('t tllrhilH' rngitll''', TII('

potclltial of ~1I('h IJigh pO\\"('r Jas('l's as ¡lliJita1'Y \\'capolIs has heC'Il cOllsitiPl"('d frOlll tltf' \'t'r."
IH'gillllillg of laspr c!('\"('10PIIJ('Ilt. In addi,ioll to CO2 i;ls{'rs, cJ¡cllIical lasf'rs (HF ;lIId D1")
ilan' u('('1l ("olIstru('\('d witlI a {"\\" po\\'('r olltPIlt. px{"('('dillg Olll' lIH'ga\\'atl" TIH'ir possihle
\1S(' in strat('gic dpff'lls(' agaillst intf'l'C(JlItill(,lltal llJissilc's has lW(,1l :lllalyzed [3], Thr id.'a
of d('p!o.nlll'llt (lf :3l1cll diJ'('ct('d l'nrrgy \\,('ilPOll:-: wa~ ahall<!oll('d af\('r (,Olbidl'ral,l" jlllhlic
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debate several years ago, well before the end of the cold war. Tactical laser weapons are,
ho\\"cvcr, a milit.ary reality.

4. UI:l'I\ASIIOHT PULSES AND ULTHAIIIGII IHHADIAi"CES

Consitier the case that the absorptiou depth, da", = (f-I, the reciprocal of the absorptiou
coefficient, is comparable to or larger than the heat diffusion length, dab, > (¡¡lp)I/2 For
times larger than the electron-phonon energy relaxation time, Ip > Teo local thermody-
namic equilibrium may be assumed, In this case all of the laser energy is deposited iu the
absorptioll depth and the average tClIl¡>erature ris(' of this layer may be estimated frolll

(5)

It is proportional to the energy fluenre in the laser pulse, The melting point of any strongly
absorbing material ran be rearhed at motie,t fluenres. For example, tungsten melts at a
fluence of 0,1 .J/rm2 at .\ = 1.0G 11m in a 30 ps pulse. Siliron me1ts at 0,2 .1/cm2 in a
20 ps pulse at .\ = 0.53 ILIn, On melting the reflertivity rhanges abruptly to the value
rharacteristic of molten silicon [51,Al. the same time the absorption depth al. .\ = 0,53 ILIn
changes from 2 x 10-5 cm to 3 x 10-6 cm, Experiull'ntal data for the reflectivity of silicon
al. several wavelengths as a function of the fluenre in a pump pulse preceding the pro be
by 15 ps is shown in Fig, 2. The changes in reflertivity below the melting point are due to
the creation of an eleetron-hole plasma. The maximum carrier density of about Gx 1020 is
rearhed at 0,1 .J/cm2 rorresponding to a plasma frequency in the near infrared. Extensive
investigations have been made of the heatiug of the eleetrons in metals aml of the plasmas
created in semiconductors as a function of pump fluence, wavelength, and time delay after
the pump pulse.

The interest here is, however, foeused on the effeet of fluences above the melting thresh-
old, lf lhe fluenre exceeds this thresholti by a factor three to five the surface layer of most
material will aUain temperatures above the boiling point and even the eritiral point. The
estimated surface temperature of silicon heateti by very short Imlse of 1 .J/cm2 is GOOO K,
With a power flux density of 1012 \V /cm2 it is possible to heat materials to lemperatures
exceetiing 10" K in less than a few picosecouds. Thns a thin layer of a highly ionized
plasma at the original target density is ereated, This flnid al. extreme1y high temlll'rat1ll'e
and pressure will commence 1.0 expand in a rarefaction wave [GI, The front of the material
will travel with a \'e1ocity [G,7)

2 2
Vmax = --fa = --

'Y-! 'Y-! (
ZkTe) 1/2

.\10
(G)

Jlere "o is the sound velocity in the plasma. The eleetron lemperature is To and Mo is
lhe mass of the ions with charge Ze, while 'Yis the ratio of the speeifie heats at ronstant
press1ll'e anti volume, respeetively, For "f = 5/3, lhe front velocity exeeeds the sound
veloeity by a factor 3, and the kinetie enel'gy of the partic1es at the front, whieh escape
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FIGURE 2. Thc rcflectivity of crystallinc silicon at tluce differcnt wave1cngths, 15 ps aflcr pllIIllJ

pulsc 0.53 1'1Il, as a function of PUIllPflucncc (aftcr ncL [5]).

normal to thc surfaec, may cxcccd thc thcrmal kinctic cnergy by an order of magnitude.
This has been obscl'\'ed. For T, = 10.1 K and Mo = 28 X 10-24 g for silicon one fillds
Vmax = 3 X 105 cm/s. A plasma layer of 3 x 10-6 cm initial thickness expand, to t\\'iee
this \'alue in 10-11 s. On this time sealc thc boundary becomes diffuse.

Thc gradicllt in density and the coucomitant gradicnt in optical index of refraction
acquirc a length scalc equal to a significant fraction of thc optical \\'a\'c1ength, approach-
ing 1/4.\. Consequcntly thc reflecti\'ity \\'ill drop. This drop iu rcflecti\'ity at fluences
of 1 .J /cm2 and more in silicon has been obser\'Cd \\'ith picosecond pulses. Experiments
carried out \\'ith femtosecond pulses can probc thc plasma expansion morc precisely. as \\'ill
be deseribed later. A largc body of \\'ork, extending o\'Cr the past threc deeades and slill
continlling. is concerned wit h thc cl'('atioll of high temperatllrc plasmas. ThermOll11clcar
fusion proeesses ha\'e becn d,'monstraled in laser produeed lo\\' Z plasmas (isotopes of
hydrogcn). Tite long-rangc goal is of COl1rsf' Pllcrgy production by controllcd thenllOllucipar
fusiono A ,mall sphcrieal samplc of hydrogen gas is irradiated isotropically by a lIumber of
lascr beams at fluences exeee(lillg 1014 \\' /em2. In less than a picosecond a dense plasma
has beell created at the expense ofless than onc percent ofthe laser pulse energy. The bulk
of the lascr lmlsc is used to heat and compress this plasma further. Thc compression of thc
eore occurs becallse of 1Il0lllcntlllll rcaction from the expansion of an oulgoing spherical
rarcfaction wa\'e. Extcnsi\'e computational eodes ha\'e bcen devcloped to dcscribe the
cnergy transfer between the laser ami thc inhomogcneous plasma blob, which lie beyond
thc scope of this (l\'erview [81.

¡¡¡gh Z, high tcmperature plasmas created by short intensc laser pulses are cffecti\'c
sourccs of coutinuum X-ray radiatiou. O\'er fifty pcrccnt of thc lascr pulse cuergy may
be convcrted to blackbody X-racliation. \Vith care an X-ray lascr mccliulll lila)' be pro-
duccd [91. Amplificatiou of au X-ray Iinc at 20.6 and 20.9 nm wa\'elength was eouviuciugly
demonstratcd in a plasma crcated by thc e\'aporation of sclenium film. A í5 um thiek Se
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film \\"as deposited ou a 150 mll thirk FOrIll\"ar subSlrate. The foil \\"as 1.1 cm loug aud
illu1l1iuated at ,\ = 0.53 IIllI b)" a 1;11e foeus from a c)"liudrieal Il'uS \\"ith a spot size of
0.02 x 1.12 e1l1. The uomiual pulse I('ugth \\"as 450 ps, aud the t)"pieal iucideut iuteusilO'
\\"as 5 x 10

13
"'jcm

2
The plasma (Teated from the l'xplodiug foil routaius :'\eou-like Se2H

ious. A pop11latiou iu\"Crsion is established hl't\\"een the 21'5:11' and the 2]!53s trausitious,
hasrd on the <1iffrl'cntial rat('s [01' ('ol!isicHlal creation and radiatin' <leca)'. ExtPllSiYC COlll-
putational co<irs [01' (iPtails of pla~l1Ja ('\"Oilltioll alld ('ompositioll han~ br('1l drn'!ol){'(l.
TlJ is su h jrrt is. how('vrL 011 t side t ll(' s('O})(' of this l"eview, \\.'1J¡eh rOllC('llt ra t ('S 011 t he illi t.ial
strps in tlJe (,ollver;.;ioll of ('Olldrllsrd lIlattrr by rapid hrating to ver}' lligh trlIlJH'ratuH's.

Finally. \\"(' turn to t]l(\ illtt'rarlioll with fpllltos('rolld »llbcs. Fol' t
p
< 10-1:3 s, tl1('1'(' is

no tilJH' [01' t.hr ('lIergy acqllir('d hy thr rlrctrollic systelll to he sharrd wit.h the h('éwirl'
partides (atoms) coustilutiug the latticl' t" < Te. Tire illterart;olls bet",eell electrolls are
uSllally [ast CllOllgh lo warrallt the aSSlllllptioll of a local elpctroll tCIl1IH'ratlll'P. AlIisi-
moy [10] first discllssed a r('gime' witlJ diffel"Cllt rll'('troll and lattic(' tf'1l1}H'rat1In's. If tIJe
fillrrIc(, in 111(' focllsed frllltoS('COlld pnlse is sllfficielItiy high. SR,)' exc('c<1ing 0.1 .J/nn2,
hol carriel' deIlsities in st'micollductors ('XC{'('<!illg 1022/(,1ll:~ milY lw creatrd. In Illctals the
(,oll<1uetioll <'1rctroll gas is hpatf'd \Y('11aho\"(' ]0-1 I\ and bc('omes llondegcllrratr. Oll a t.ime
s('(l!r TI" wlJich lIsltally lics ill tlH' range }H't\H'(,1l 10-13 (tlHIIO-12 s, thc hot elrctrons siwl'r
tlIpir killPtic (,llf'rgy witli the atollls. 011 a tilll(, scalc more l!Jau a fe\\' picO."(,COllc1s aftel'
t l¡(, irradia! ion by t he PUIllP pulse \V(' are hack to t he l'rgilll('S discllssrd ahoye, Al. tItc ('ud
01"t.Itc frlllto:,;(,cOlJ(i plll:-;c a sitnation 1Ja~ l)(,cll cl'('atrd of a \"£.'1'.Yhot p1ectron pla~1l1a at thc
original solid dellsily, while th<, atollls are' still cnld, T}¡r)' are cssclltial1y in tla'ir original
laUic(' positiolls as the)' han' llot liad tilll(' for sigllific<lnt displacrmcllt in ]0-1.1 s, Tllc
(,ollcept of latticc bOllds is, hO\\'('\'('r, lo:-:.;tas tIl(, el('ctro11s al'f~ so highl.\' ('xcil(,d, Estimat('s
han.' ])('('11 ll1adc for a tetrahcdral strllct.llre of silicOll, thal if 11101'('tItan t(,ll pcrccllt of
tIle yalencc clrctrolls are prolllot<'d from hOlHling to él.l1tiholHlillg orbitals. thc c1cctrollic
strllcturc col1apsrs [11], The c1cctrolls make a phas(' trallsitioll to a plasma.

Tire hot e1ec! ron plaslIla \ViII expand, but eau oul)' do so hy pullin¡; atollls "Iou¡; to
COlISeryC oH'rall llclltrality. Sillc(, the bondillg forc('s of thc original lattic(' strllctllrt' lla\'c
alrt'ady b(,(,ll elillliuatrd. tIJe fluid C'xcitrd laye}' will COlIllIl('IlCC to ('xpand as a rarcfactioll
\\an' descriher! Iry Er¡, (G).

A IltlllllH'r of f(,llltOS(~COlld PUlll)> alHI prol)(~ cXIH'rilllrllts Oll ~('llli(,Ollductors alld !lletal:-:.;
sllpport tltis pictUH', Thc refi('cti\'ity (jf silicOll followillg irradiatioll hya strollg [CllltoS('C-
olld puis(' was obspn"{'d [12J as fUllCtioll of tilll(' ovrr U'IIS of piCOS(,COllds \\'ith a n';.;ollltioll
of 0.1 [ls. The s¡lieoll snrfilce melts O\'('r a ('irelllar area, hut thl' ref!['ctivity of the cl'lItral
aren dccrrascs afl{'r a f('\\. piCOS(,(,Ollds hecanse of lllat('rial l'xpall~ioll in the ran'factioll
\\'m'e of this area \\'hich has hel'lI heated ahQ\'e the critical [loillt.

TlIe w{'{-\ksccond harlllonir gf'II('ration by qlladrllpol(' infrraction in tIte silicOll crystab
SllO\\'S a distill('tin' <llli:-;otropy. n'latl'd to thr crystallillP oriPlltatioll a t1l(' surfacc [1:3], TiJis
,"f't"olld Iiarlllonic radiatioll i:-;Oll]y cl"catpd dlll'ing tIte f(,lIlto:-;{'(,olld pllb('. Tltf' allisolropy
dis;¡PIH'arS rather abrllptly ahon~ a t.1tl'{':-:.;1toidfillellCt' len'l. Thr ('if'ctrollic strllctUrf' Itas
apparPlItly ma<!c a transitioll to an isotropic plasma plJa.-.:('.

TJ¡p s(,colld 1tanJlollic g(,llerat.ioll ill GaAs is ('n'll !llore l'f'H'alillg [14.15]. Ht'J'{' the SIl
g{,lH'rarioll is ('I('ctri(' dipolp allo\\'{'d 1)('(';)11:-'('t \I(' lattic(' st rll('tun~ 1acks illycrsioll SYllllllt't ry.
'Ilw PUlIlP pllisp pol;lrizatioll and t11<'C1'~'stal can Iw so Ol'i('llt('d tliat it <1o('s no! crf'atf' SIL
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FIGl"fu: 3. FIllC'II(,(, dC'I)('lldetlcc of tllC' T('flC'cted S('COIle! harmollic int(,llsity (salid sqllarC's) and
reflccth-ity (roulld <lots) of a (110) Ga,\s surfare, The data WC'Cf' takeIl at 120 fs «('lay ",¡lh 100 fs
Jlubes at G~OIII1l W(l\,('!clIgtiJ al. a1l incid('lIt angle of 45°. Thc 01)('11 sqllarC's are tite 5('('011(1 hannonic
di\'i<kd by lO - R)¡(l - Ro)'] to corn'rl for rhanges in refierlivity (aftor nef. 114]).

The SH cfratC'd by tlit, IHo1>e puls(' can }w lIlollitorrd é\S él fUllctioIl of plllllp fItlC'Il(,p and
tilllP dplay. Silllll1taIH'ollsiy the rhangC' ill rrf)('ctivity can he JIIonitorrd. The ('xIH'rilllpntai
n'sults ;11 F;¡;. 3 sho" the ex;stOllre of a sharp f1uellce ¡hn'shold aho\"(' "hirh Ihe SIIG
hy Ihe prol", pllbe drops hy a farlor tell. It essollliaIly yallishes ",i¡hill tho oxper;lIu'lItal
error [1.1]. This happells ;IIIrSS thall 1O-1~ s. This lilllP is sllOrtl'l' by al )pasl fartor fi\"(' Ihall
the knowll inlrractiotl timC' brtw(,(,1l (,1lC'rgrtic p)('ctl'olls and optieal phOIlOIlS in this cl'y;-;tal.
Thus \Ve }¡aY(~cvidellce fol' a purt'ly e1rrtronic {lIJase trallsitioll f1'OlIl a st1'nctur{' with
ol'il'llted bOlldillg orbitals to a strlletllrc witIt ill\Tl'sioll symllH:,try. pn'slllllably a lH'arly
i;-;otropic plasma, TIH' risr and subspql1rllt dcca~' of the refi('rti\'ity is also {,(Hlsistpnt with
thc formatioll of a drllsC' plasma ami its sllhsC'<¡lH'llt l'XpallSiOlI. Prryiollsly. tlle c}¡allges in
SIIG and in reflcctiYity of GaAs as a fllllctioll of f111cncp han' lH'cn llH'asnrpd with pnbps
of 20 ps dp\'iat;o]]. Tl",re liJo ,'xp"('IPd rrslllt ('ould be oxplaill('d by ord;lIary ]]H'ltillg of
tl](, lalti('e to a liquid ]]]('talli(' pIJasp [IG].

\.pry d('tailed ill\"cstigatiollS 11<\\'pH'C('lltly h(,t'll carrirci 011t on phasf' trallsitiollS illdlH't'd
in grapiJitp ¡¡lid diaJllond \).)' felllto,"(,(,Olld imlsl'S [17], AII ilH'rc,l:'\(' and SlIbs('qllf'llt 1'api<i
decl'case ill lIJe refl('ctivit,Y is o\)s('n'C'<i1 following irrac!iatioll h,Y a fl'lIItos('('ond PUIllP pllbc
of (JO fs dmal;o]] at A = G20 ]]Ill ahO\'e a thn")](lld \'ah,e. This thrrshold is 0.13 J/(,1ll2 for
hi¡;hly-ori"lItpd pyrolyli(' ¡;raphit<- illld 0.G3 J¡(,1ll2 for a diillllolld Cl'yslaL The dialllo]]d
IlllIst first l)(,(,olll(, ahsol'\'illg by lllllltiphoton pn)('('ss('S, TIH' sndd('11 iHcrrasc in rcf!{'ctivity
indicates all {'Il'ctronic pitase trallsitiOll to él high d(,ll~ity plasma. 1ts opti('al p1'opcl'ti('s are
df'scribpd rat}¡pr \H'll hy él Drlldt' ¡lIodel with l.J.'pT(. "-' 1. TI\(' <it'('r<'as{' in r('fl(,ct.iyity is d1l<~
lo plasma <,xp;ulsioll \\,J¡i('J¡ cr<'att's a hOlllldary lay<,r with all iw!rx g1'a<iiPIlt. At all allglp of
illci<iellCt' of .)00 tl1('l"(' is a mark<'d dill'('H'llc{' in thp },eha\'iol' of s- alld p-polal'iz('d light ill
tlJi:-; trall:-;ilioll la_\'(.r. f){'tailct\ ill\'('stigatiolls of tlt<, J"('fiP('tioll 01' a prolw PlIJ:..;P0\'('1' a widC'
\\-<[',t'lf'llgt!l 1';(11)2;1'. ;1 wi(\f' r;\lIgE' of PUJIl]1 fiUf'Il('(':-;. !>otll ahm"(' [17] alld lH'lo\\' t}¡rps}¡old [IS].
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anel with time elelay resolution of 100 fs, yielel a wealth of information about the state of
carbon at extremely high pressure amI temperature. It is believeel that in highly exeiteel
graphite the electrons anel atoms thermalize in about 0.5 ps. Alter this time a state of
fluiel carbon has been createel, which may be characterizeel as quasi-metallic.

Heating of metallic aluminum by femtoseconel pulses anel measuring the reflectivity
as a function of incielent fluence has pennitted measurement of the resistivity [71 up to
electron temperatures of 106 K. The self-reflectivity of 5 mJ 0.4 ps pulses at A = 300 nm
from aluminum has been measureel up to intensities of 1015 \V Icm2 Careful analysis of
the elata must again take aeeount of plasma expansion during the 0.4 ps time interva!.
The resistivity reaches a maximnm at a temperature Te ~ 40 eVo Then the resistivity
elecreases as Te-

3/2 characteristic of a high temperature plasma. Other metals may be
analyzed in a similar maUller.

5. CONCLUSION

A broael survey of laser-materials interaction shows a variety of regimes, elepending on
the power flux elensity and time of irradiation. For elensities not exceeeling 106 \V Icm2

ordinary heating, melting and evaporation elescribe the majority of effects. 1\1any practical
applications are baseel on this regime. At intensities aboye 106 \V Icm2 plasma effects in
the evaporateel material become important. Plasmas drastically influence the conpling
with the substrate. At intensities aboye 1010 \V Icm2, in strongly absorbing materials a
layer of 30 to 300 nm thickness gets heated to the melting temperature or higher on a
time scale of lO-lO sor less. Any material may be transfonneel rapidly into a high elensity,
high temperature plasma. Details of the initiation of the plasma heating of the electrons
ami of electron-phonon interactions are accessible to experimental investigation. \Vith
femtoseeond ¡mIses phase transitions in the electronie structure have been elemonstratecl.
Initially a condition of a hot dense electron plasma with cold atoms and ions in their
original la!tice configuration is created. The subsequent evolntion can be stndied. The
investigation of the optical properties of materials on a femtoseconel time scale and the
behavior of atoms amI molecnles at intensities from 1014 to 1018 \V Icm2 will remain an
active anel fruitfnl field of endeavor in the coming decaele.
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