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Interband and intraband (Drude) contributions to femtosecond laser absorption in aluminum
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Theoretical and experimental investigations of the absorption in metallic aluminum of femtosecond-laser
radiation pulses with peak intensity<10'® Wi/cn? are reported. Energy balance equations are solved for
electron and phonon subsystems, together with Helmholtz equation for the laser radiation. Expressions for the
relaxation times as functions of electron and phonon temperatures are obtained, with no free parameters.
Contrary to the assumption made in published studies, we find that the interband rather than the intraband
(Drude absorption plays the dominant role in the near infrared and throughout the visible region at low and
moderate intensities. For 50 fs, 800 nm laser pulses the absorption in interband transitions dominates for
intensities up to few times #® W/cn?. For such pulses, broadening of the parallel-band interband absorption
line with the increase in electron and phonon temperatures resulig,<f&rx 10'* W/cn?, in the decrease of
the absorption coefficient compared to the room-temperature value. In this paper, we present both the first
theoretical prediction and the first experimental observation of this phenomenon. Dielectric permittivity gra-
dients within the skin layer also contribute to the decrease in absorption. The mechanisms of the lattice
disordering are considered quantitatively, and it is shown thakgfarl0** W/cn? melting does not occur in
the laser-pulse duration. Experimental results are presented for 800 and 400 nm wavelengths. The agreement
between the theory and the experiment is very good.
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[. INTRODUCTION num in the temperature range 1-100 eV was determined
from the reflectivity of a subpicosecond ultraviolet laser
The development of ultrashort high-power lasers hag4,5]. The thermal response and the optical damage of metals
opened possibilities for a fundamental investigation of theirradiated by ultrashort laser pulses were considered both
electronic properties of solids. Several studies have showtheoretically and experimentals—8].
that measurements of the optical constdrefiectivity, trans- Measurements of the absorption of 120 fs, 400 nm laser
missivity) of metals shed light on nonequilibrium phenom- pulses in a variety of solid targets, irradiated over an inten-
ena in condensed matter. It was pointed out by Anisimowsity range of 16°~10'® W/cn?, were reported by Pricet al.
et al. [1,2] that absorption of subpicosecond laser light in[9]. The results of these measurements at low and moderate
metals might lead to a transiently higher electron temperaintensities were modeled by intraba¢i2rude absorption for
ture compared to the lattice temperature. During the lasesimple metals, such as aluminum. For these metals, the ab-
pulse, the radiation energy is deposited into the free-electrogsorption increases monotonically with the laser intenkity
subsystem. In a subpicosecond laser pulse, it is possible tp to several times & W/cn? and then decreases, indicat-
heat the electron gas to a temperature of several eV for a feig the transition from solid to plasma. Other target materi-
ps while the lattice temperature remains relatively low. In-als, such as Cu, Au, and Ta, show additional absorption
deed, the electrons cooling by energy transfer to the latticeeyond Drude absorption. At high intensitieslg (
occurs on a longefpicoseconiitime scale. The lattice heat- >10'> W/cn¥), all target materials were found to rea@j
ing occurs on a time scale longer yet {0 ps), owing to the a “universal plasma mirror” statgL0] and reflected about 90
lattice heat capacity being 1-2 orders of magnitude large®% of the incident light. Non-Drude dielectric constants were
than the free-electron heat capacity as long as the free eleatso reported to explain time-resolved reflectivity measure-
trons are degenerate. The equilibration of the electronic sysnents of tungsten targets, irradiated by 90 fs, 620 nm pulses
tem with the lattice is determined by electron-phoriesph [17].
relaxation mechanism. A detailed understanding of e-ph and In this paper, we present the first theoretical prediction
electron-electrorfe-e scattering is crucial and has been theand the first experimental observation of the effects of the
subject of many studies, since these processes determiim@erband absorption in addition to Drude absorption in alu-
various fundamental and technological properties of solidsminum irradiated by 800 and 400 nm, 50 fs laser pulses at
material properties, such as electron and thermal transpomormal incidence over an intensity range of'i@ 10%°
equation of state, and phase transitions. A transient nonequiW/cn?. Moreover, the interband absorption is dominant at
librium temperature difference between electrons and latticéow and moderate laser intensities throughout the visible and
in metals irradiated by 75 fs optical pulses was determinedhe near-infrared part of the spectrum. As it will be shown
with pump-probe measuremeii8. The resistivity of alumi-  below, in the vicinity of a 800 nm wavelength, the interband
absorption decreases with increasing temperature. This
leads to adecreasein the absorption coefficienf below
*Also at Weizmann Institute of Science, Rehovot 76100, Israelits room-temperature values, at a laser intensity up
Email address: fndima@plasma-gate.weizmann.ac.il to 5x10' W/cn?. For higher intensities, up tol,
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~10" W/cn?, the absorption is dominated by inverse target at the incident radiation frequenay at the deptx.
bremsstrahlungDrude), andA increases rapidly. The mini-  For 3 monochromatic wave, in order to fifig(x), the Helm-
mum of A(lo) is found nearo~(1-2)x 10" W/en?. At otz equation

lo>10' Wi/cn?, as predicted by the conventional theories,

A starts to decrease again. Our theoretical analysis suggests P w2

that in aluminum the described phenomenon of the decrease —ZFZ(X)+s(w;x)—2FZ(x)=O (4)
in A with |, for 1,=<10"® W/cn? must be pronounced, for IX c

imilar | I ion, in th I h f 750— . .
gl7n(1)| ﬁ:naasrfc; Fi)susstfoil;;r::tor?,e;: tES()eOV\:wa%/e ength range of 750 must be solved5,13] simultaneously with Eqs.1l) and (2).

Here,e(w;X) is the dielectric permittivity of the target,

Il. THEORY A1
g(w;X)=1+i—o(w;X). (5)
In a metal irradiated by a fs laser pulse, the temperature w
T of the electrons in the conduction band and the temperaliI ) T .
ture T; of the ion lattice(i.e., of the phononscan differ by ote thato(w;x) and F,(x) vary with timet on the time
orders of magnitude. This is due to a relatively low rate ofSCl€ much longer thanw. Both o ande depzend orx
energy exchange between the electrombich absorb the 2andt throughTe(x,t) andTi(xt), while Q andF; depend
laser radiationand the lattice. The rate of energy exchangePn t @lso via the laser-pulse temporal intensity profile
within the electron subsystem, on the other hand, is of the .

order of 16* s or higher forT,=1 eV. Thus, the elec- |()=losin(nti2r), O=<t=2r7, ®)
trons may be considered to be in a local thermodynami

equilibrium and therefore may be characterized by a certaifciont A measured at a given locatioy,¢) on the target

temperature(Indeed, for fs-laser intensities so low thB{ g face is averaged over the temporal pulse profile. It is

stays significantly below 1 eV, the absorption coefficient re-avaluated as

mains essentially unchanged. The effects of the delayed ther-

Shere 7 is the FWHM pulse duration. The absorption coef-

malization of conductivity electrons may be detected by 27 %

transmission spectroscopy near the absorption Etigje but f dt f Q(x,t)dx

in absolute terms, the effect @xnof the electron distribution A= 0 0 7
bs: he effect gno . . (7)

deviation from equilibrium is quite smallAt the tempera- TI Hdt

tures considered, both the equilibrium phonon distribution 0 (V)

and the distribution of phonons emitted by electrons is ap-

proximately uniform over all mode@xcept the modes with  The absorption coefficient is related to reflectivity by
the smallest wave numbers which, under present conditiong =1 —R.

play no rolg, so the phonons may be characterized by a we consider three distinct processes contributing to the
temperatureT; . Thus, in order to model the dependence ofjaser light absorption in metal: intraband absorption due to
the absorption coefficient on the laser intensity, the fO”OWinge_ph collisions, intraband absorption due to e-e collisions,

set of equation$2] may be used: and interband absorptigmormal or parallel bandPB)]. All
these mechanisms contribute ¢ and thus, also to the di-
dTe 0 dTe electric permittivity(5) of the metal. It will be shown below

CelTe) 5 = 5(%“6)5) UM T)+QMXY, () ynat for near-infrared and visible radiation absorption in alu-

minum at near-room temperature, the effect of interband ab-
T, sorption is dominant, while for surface electron temperature

Ci(Ti)EZU(Te,Ti). (2 of 2—3 eV and highetwhich corresponds, for a 50 fs pulse,

to 1,>10" W/cn?) the “conventional” intraband absorp-
tion dominates. The interplay between the inter- and intra-
" . co R band absorption mechanisms leads, in aluminum, to a unique
heat capacitiesy is the eleciron hea_t conductivity is the effect of absorption coefficient reduction pronounced in the
heat transfer rate from electrons to idiphionon$, andQ is fs-laser intensities range of ¥0-5x 10" Wicr?. In the

the heat deposmon rate dge to the laser radlatl_on .?bsorp“o resent paper, we report both an experimental observation
The properties of the irradiated metal change significantly o nd a theoretical description of this effect

scale of 10 nm, i.e., on the skin depth scale. Thus, the heat In order to find the absorption coefficient val(@, we

deposition profile must be determined rigorously from solve numerically the set of Eqél)—(5). Towards that end,
the functional dependence &f;, C;, », U, o on the tem-
Q(x)= lFf(x)Re{a(w;x)}. 3) peratured o(x,t) andT;(x,t) mL!st be determined first. In the
2 present paper, we are focusing on the effect of the laser
pulses of a duration less than 100 fs. For such a short pulse,
Here, F,(X) is the radiation field amplitude at the depth the ionic structure of the target remains unchanged, unless
inside the targety andz are the coordinate axes parallel to the electron-impact ionization occurs at a rate sufficient to
the target surface, and(x;w) is the conductivity of the increase perceptibly the average ionization degree of the lat-

Here,C., and C; are the electron and the idne., phonon
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tice ions. In metallic Al, the average ionization degree of thesion by an electrof19,20. The exact spectrumn(q) of
lattice ions isZ=3, see Refs[14-164. The ionization longitudinal phonon$21] may be approximated by
threshold for the fourth electron is about 120 [eM]. Using

the electron-impact ionization cross section, as given by a wph=0qs for g=aqp,
fitting formula in Ref.[18], we find the average lifetime of B
an ion AP with respect to electron-impact ionization to be ®ph=0pS for g=0p, ©)

longer than 1 ps forT,=20 eV, about 200 fs forT, wheres~6.4x10° cm/s is the longitudinal sound velocity

zgg ex’ and ab_out 30,[:]3 fCIJﬂ'etZ 50_ ev. 'tl'hus f?rTe Th andq is the phonon wave vector. The value @f is deter-
eV, we can ignore the electron-impact ionization. th€yneq pere by fitting the electron momentum relaxation rate
thermal expansion of the outéirradiated target layer, for

T.230 eV the ti e | than th | to the dc conductivity data, as explained below. The e-ph
e=oU €V, occurs on the time scale longer than e pulSgyia action matrix element squared is approximated by
durationr. Indeed, the thickness of the layer strongly heate

by radiation is of the order of 10 niiskin depth; the shift of =5

the outermost layer of ions with timeis approximately My s, +ql*= 2,vsd%k —k7q for qg=aqp,
given byvt~t\yZKgT./M;, wherevy is the velocity of P

the free surfaceM; is the ion massy~5/3 is the adiabatic =K

constant, andg is the Boltzmann constant. Even for maxi- IMy_kr =gl 2= T\/quék,_k;q for q=q,, (10

mal electron temperature considerdd,=30 eV, we find

that during the peak of the laser pulse; S0 fs, the outer gee Ref[20], whereE is the deformation potential constant,
atomic layers per one skin depth, the distance between thgasimomentum of the phonon absorbed or emitted as the
layers changes only by a fraction of angstrom. The latticg|ectron wave vector has changed frdmto k’. The plus
constant of Al is approximately four angstrom, therefore,sign iNM .+ Subscript stands for emission, minus sign -

dur_ing the Iase_r pulse itis possibl_e to neglect the effect of the,, absorption. The transition probability is given by
lattice expansion on the phononic spectrum, band structure,

and e-ph coupling. Of course, the change in the phonon T ) 1 1
mode populations due to the lattice heating must be ac- Wk—»k’,tq:T|Mka’,:q| Nq+§ iz)
counted for.

We note that even in the cases when the free-electron- X O[Ex—Ew Fhwpn(q)]. (11

impact ionization and the outer-target layer expansion do not ) ) ) ] o
affect the target skin layer lattice structure, the lattice strucYVe eémphasize thaj may lie outside the first Brillouin zone
ture may still be destroyed by the ultrafast meltisge, for ~(Umklapp process butqy is always inside the first Brillouin
example, Ref[11]). At the end of this section we show that ZOne. In fact, the scattering in Al at room temperature and
this effect, too, is unimportant for 50 fs laser pulses at peaibove is dominated by Umklapp, since the characteristic mo-
intensities up to 18 W/cn?. mentum transfer in a single collision is thgr=kg, and the
The electron heat capacity, for KgT,<Er (degenerate Fermi surface of Al lies entirely outside the first Brillouin
electron gas in aluminumis given by Ce oui(Te)  ZON€. HereE, is the energy of an electron with wave-vector
~1.3x10°T, in units of erg/cd K [14]. For KgT, K. andNgis the population of the longitudinal phonon mode
>Eg, C.is given byCe higni(Te) —1.5gn, (nondegen- G- The wave-vectorq corresponds to the reduced wave-
erate free-electron gasHere,Ex~11.7 eV is the Fermi en- VeCtOrdreq=q—K in the first Brillouin zoneK here is the
ergy. In the intermediate regiokgT.~Er, we use the in- corresponding vector of the reciprocal latticeN,
terpolation formula = 1/(exp Bl wpn(Gred} —1), Where;=(KgT;) ~*.

In aluminum, the density of electron states belowk is
CanianiC quite similar to that of the free electrons, therefore, the Fermi
chighT-elowT (8)  energyEr~7%2kZ/2m, wherem, is the mass of a free elec-
\/CihighﬂL CglowT tron. However, the density of states in the vicinity of the

Fermi surfacek~kg, is somewhat different from that for
which reproduces quite well the true behavior of the heafree electrons[22]. Consequently, forlE,—Eg|<Eg the
capacity of the free-electron gas in the intermediate regionelectron energ)EkmEFqLﬁsz(k—kF)/mopt, and the Fermi
The ion heat conductivity was inferred directly from the pho-velocity ve=(dE/dK)/A~fike /Mgy, where mgp is
non spectrum, and it turns out to be quite close to theslightly larger tharm,. The same effective mass,, enters
Dulong-Petit limit C;j=3Kgn; for T;{=300 K. In our also the expressions fdJ and o. Values ofm,y ranging
calculations the fitting formula C;i(T;)=3Kgni{(1  from 1.15-1.6¥h, are found in literaturd15], as well as
—4.4x10°T; ?) was used. Heren; andn, are the number My =M approximation. We usem,,=1.20m,, which
densities of ions and conductivity electrons, respectively, reagrees well with the measured room-temperature reflectivity
lated byng=2Zn;. of our samples.

To find %, U, and o as functions ofT, and T;, we first The rate of e-ph energy exchange was evaluated by the
note that the e-ph scattering in metals occurs primarily in thenethod described in Ref19], using the phonon dispersion
events of a single longitudinal phonon absorption or emistelation(9) and the matrix elemeritt0). We have found

Ce(Te)=
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2

ZfLSEngpt s Beliaps x4dx , _ =) mopt
U= (th)?:p (Behs) fO ex_l eph 87TE|:|(|:pS Mg
y shasxidx . ij exp{ Bifqs}+exp Bqst 4dg
~(ge) [ D2k - ) o (eXpBhas)— 1)(exp Bhas) + 1)
L 77J'qb exp{ Bihqs}—exp Bliqst o
_ (exp{Bihqst—1)(exp BAqst+1)
X(exmﬁeﬁqbs}—l exp{ﬂiﬁqbs}—1>]' 12 o (eRphas Rpehas
exp{ Bif S} + exp{ Befi GpS)
The terms proportional to (&)? are dominant at room tem- (expl Bi710uS) — 1) (expl BehiUpS) + 1) db
perature and aboveU is often represented abl=(T, ' ¢
—T;)g, whereg is a smooth function of andT;, nonzero (2kF)4—qﬁ
at T,=T;#0. ForT;=300 K the expressiofl2) yields g 4 -m
=(3.7-3.9)x 10'® erg/(cn? s K) nearly constant in botf,
andT;. This value ofg is in excellent agreement with that exp{ BifqpS} — exp{ B qpS} ) 5
given in [11], and is by a factor of 1.5-3 larger than the X(exp{lgiﬁqbs}_1)(exp{lgeﬁqbs}+ 1) 9b(2Ke)" |
empirical values used in Ref13].
The electron heat conductivity is given by (16)
02 where 7=2m,,s/h <q,<Kg . The first two terms are domi-
(Te,Ti)= —, (13)  nant at low temperaturesd(#q,s>1 and Bihq,s>1); at

3v room temperature and above, only the last two terms are

— . - .. important. At higherT, and T;, one finds the usual depen-
wherev“ is the characteristic value of the electron velocity dencev, oy~ T;, independent off, [6]. For KgT,=Ef the

. ; 2.2 . . . .
square, given approximately by’~vg+3KgTe/me. The  apove expression is no longer accurate, but in that domain,
total momentum relaxation rate for electrons is given by, _ is significantly smaller than the momentum relaxation
rate in e-e collisions,

V= Ve,ph(Te T+ Ve,e(Te)u (14
- Er [KgTe\?
where v, ,, and ve . are the electron momentum relaxation Ve o~ — for KgT.<Ep (17)
rates due to e-ph and e-e collisions, respectively,, is © k| Ef

given[20] by )
see, e.g., Ref[23]. At even higher temperatures,  be-
(k—k')-k 1—fr(k") haves according to the plasma law,

Ve,ph:§ TWkHw,:qTT(k), (15 73/2

s , (18)

Vee 7

KgTe
Er

where +q and —q cases correspond tio'<k and k' =k,

respectively, and (k) = 1/(exgd B{Ex— x(To) ]} + 1), where L .
w(To) is the frTee—eIectronF{ chelr(nical F)ot}ential ang, where we have used the continuity of . and ignored the

=(KgTo) L. The detailed calculations yield, fatsT,<Er factor logarithmic inT in the last expressiof6]. In reality,
and k~ekF ' € not only v, but alsodv, ./dT, must be continuous in the

vicinity of KgT,=Eg, thus, we have used a third-order
- polynomial to smoothly interpolate, o(T.) betweenKgT,
1 ------- v, ., independent of T, 1 values of 5 and 17 eV.

ee’

10" VoSV Y, Using expressiori14) for v, the exact values oE? and
] gp were determined by fitting the tabulated dai#&] on dc
T - 3000 K resistivity opc=nee’/mMy,w, at Te=T;. We have found,

10'° ] ‘ ] for mgp=1.20m,, the valuesE=5.162 eV andg,=

4.769< 10" cm . Figure 1 showss given by Eq.(14) as
the function ofT, for several values of; . The characteristic
time scale for electron momentum relaxation is given by
10™4 / 3 v~1, and varies from~8 fs at room temperaturédomi-
] nated by e-ph collisionsto ~0.1 fs atKgT.~Eg (domi-
nated by e-e collisionsThe characteristic time of free elec-
10° — - _ trons cooling is given byree=C./g=C4(T.—T;)/U, and
10° 10 10° grows from ~100 fs at room temperature to-10 ps at
electron temperature T, [K] KgTe~Ep primarily due to an increase i@¢(T,). The char-
acteristic time of lattice heating;e =C, /g equals 6—6.5 ps
FIG. 1. Dependence of on T, andT;. regardless off, and T; values, as botl€; andg are nearly

T =1000 K

electron momentum relaxation rate v [s”]
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FIG. 2. Dependence afie on T, andT;.
results in the broadening of the PB absorption peak. The
constant inT, andT; at room temperature and above. Figure expressions for the real and imaginary partsrgf, are de-
2 showsr;z as a function off, andT; . We note that, owing rived in Ref.[25] (expressiong19) and (22) ibid., the latter
to 7z being nearly constant, for moderate intensifiebien  being taken with the opposite sign in the present notation
KgTe.~Er andC,~C; at the pulse peak and lajehe solu- As we said,o,, depends o, andT; only throughv; the
tion of Eq. (2) for t~7<7,z may be approximated analyti- latter is denoted X, in [25]. Figure 3 shows real
cally by T;(t)=T,(0)+0.6T(7)t/mg, since T (t=7) and imaginary parts ofo, as functions ofv, for w=
~To(7)>T(7) andC,/(Co+C;)~0.6 for KgTe~Ef. 2.355< 10" s ! (wavelengti\ =800 nm). In aluminum at
The dielectric permittivitye given by Eq.(5) contains the room temperature for visible and near-infrared radiation,
contribution from both the interband and intraband absorpRe{oy,_} is significantly larger than Re,}, and the domi-

tion mechanisms nant light absorption mechanism is interbda8]. The inter-
band absorption peak lies at=800 nm. For shortei’s
o=0pt O, (190 (larger ’s) both Rdoy,_,} and Réop,} decrease rapidly
_ ) with o, the interband mechanism remaining dominant
where the subscript “Dr” stands for the intrabafi®rude,”  throughout the visible region. As the temperature increases,
i.e., inverse bremsstrahlungbsorption described by 1/7py=v increases and the PB interband absorption line
5 _ profile becomes broader. This corresponds to a decrease in
oo Ne” v+iw (20 the interband absorption in the vicinity of the 800 nm peak.

By contrast, Drude absorption increases with temperature.
For fs-laser pulses of relatively low enerdl, and T; stay
and “b-b” stands for interband“band-band”) absorption. sufficiently low for the decrease in the interband absorption
The interband transitions considered here occur between thwt to be compensated by an increase in the Drude absorp-
Bloch electron bands. In metals witfpartially) occupied tion. Thus, the average absorption coefficidn€q. (7), for
atomicd subshells, a different class of interband transitions800 nm fs-laser pulselecreaseswvith an increase in peak
is also possible, namely, the transitions between the occupigdtensity, and islower than the room-temperatur value.
d states and the Fermi surface. That type of interband trarFor 50 fs 800 nm pulsesh reaches minimum aty~(1
sitions was considered {12]. —2)x 10" Wicn?. For higher intensities, Drude absorption
Near the faces of the first Brillouin zone in aluminum, the dominates, andA(ly) grows rapidly, exceeding its room-
lower (first) and the uppefsecond one-electron bands are temperature value for,>5x 10" W/cn?. Figure 4 shows
nearly parallel, i.e., the interband transition energy is nearlthe temporal evolution off, and T; in the vicinity of the
independent of the electron quasimomentum. This gives riseradiated target surface for various pulse peak intensities.
to a “parallel-band” (PB) interband absorption with pro- For pulses during whichi, on the target surface reaches 2—3
nounced peaks at wavelengths about 800 and 250Qttmen eV, the Drude absorption becomes dominant Argtarts to
transition energy near two distinct zone face types is differgrow rapidly with pulse intensityfor constant pulse dura-
end. Towards the first Brillouin zone center, the interbandtion). This trend lasts for intensities of up to*®0wW/cn?. It
transition energy grows significantly. This produces a “nor-is also important to note that varies strongly on the spatial
mal” interband absorption continuum at shorter wavelengthsscale of order of the skin depth. These gradients @flso
o includes the contribution from both the PB and the nor-affect the absorption coefficient value, and therefore it is
mal interband absorption. The lattice properties do noimportant to solve Eq¥3) and(4) to obtain accurate values
change significantly during the fs laser pulse consideredf A.
here, therefore the only mechanism by whigh, is affected At the shoulders of the PB absorption line, few tens of
by an increase i, andT; is the increase irv. The latter nanometers in either direction from the 800 nm peak, only a

= 1
Mo pt 12+ w?
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FIG. 4. Dependence of, (thick lines andT; (thin lines on't 10" 10" 10"
during a 800 nm 50 fs laser pulse, for various valuel,oNote that peak intensity | [Wiem?]

during most of the puls& > T, for everyl, shown.

FIG. 5. Lower limit on the ultrafast melting onset time. Open
substantial broadening of the absorption line can produce squares correspond to the surface layers I nm), filled circles
decrease in the PB absorption strong enough to compete wittorrespond to the layer at the depts 10 nm below the irradiated
the increase in the intraband absorptionl ggs increased. target surface.
Thus, at certain wavelengthée.g., near 750 njnwe
predict an initial increase i at 1;=<10"* W/cn?, then, at  —1014 w/cn?, ie.,
lo~5> 10" W/cnP—the decrease described above, and for— 1014 \y/cn?, which we consider in the theoretical part of

< i :
lo between 18 and 10 W/cmz—agqln an increase. The o paper. This prediction is in good agreement with the
e-gradient effect omA becomes especially important in this gyjgence found in literature. Even in semiconductors, where
case. ) ) the ultrafast melting can be nonthermal, the melting occurs
In the present paper, we describe the target material as afore than 100 fafter the electrons are heated to a tempera-
ordered system, e. retaining a crystal structure throughoyf, e of several electron vol{€6—29. The ultrafast melting
the laser-pulse duration. Now that we have found the expresy metal was observed so far only by Wang and Downét
sions for the coefficients of Eq$l)—(5), we can complete using a pump-probe technique, ia 1 psresolution.
the verification of the consistency of this description. We  \yie note that in order to evaluatg.(l,) accurately, we
have already shown that the crystal structure of the skin layeh;ye increased the precision of the expressionUfozom-
of the aﬂuminum §ample irradia'ted by a 50 fs laser pqlse Witrbared to Eq(12). This was achieved by preserving the loga-
lp=10'* W/ent is affected neither by the electron-impact rithmic factor, equivalent to the one that is expanded to ob-
ionization nor by the free-surface expansion during the irraiain the expression(6) of Ref. [19], and performing the

diation times. However, as mentioned above, there exists 'ﬁ"ltegrations numerically. As the result, the predictadval-

third mechanism of destruction of the lattice order, namely,,a< did not noticeably change fdr<3 eV (the expansion
the ultrafast melting. In metals, the ultrafast melting does not

occur before the latticéphonon temperaturerl;(t) reaches ey
the melting temperatur€,,; of the respective solid phase at 0.25+ .
the room pressure. Having this in mind, we have evaluated, ] A =800 nm

using Eqs(1)—(5), T;(t) at various depths within the target, 1

as a function ot . This allowed us to find the timg,¢(x),
given by equationT;(tmei) = Tmelir» Which presents a lower theory
limit on the time at which the ultrafast melting occurs at the ] ]
given depthx inside the target. Of coursé,,; is a func- . ' ;
tional of I (t) for —oo<t<t,q;. In Fig. 5, we present the 0.15 + i .
results fort,; in aA=800 nm laser pulse with the tempo- ] +

ral profile given by Eq(6), wherer=50 fs. The pulse starts ]

att=0 and ends at=27=100 fs, therefore, the processes 0.10 + g
taking place in the target at>100 fs do not affect the ab- 1 I
sorption coefficienA for the laser pulse. One can readily see 1(')11
that forl,=<4x 10" Wi/cn?, there can be no ultrafast melt-

ing even in the hottest surface layer throughout the laser

pulse duration. The results foe in @ 400 nm 50 fs laser- FIG. 6. Comparison of the experimental results with the theo-
pulse are quite similar to those shown in Fig. 5. On bothretical predictions for 800 nm wavelength. The theory is valid only
wavelengths, the effect of the ultrafast melting on the absorpas far as the ionic structure within 10 nm target surface layer
tion of the laser pulse may become significant only fgr  remains intact, i.e., fot, up to 13* Wicn?.

outside the intensities range<Q,

0.20_‘ = experiment H ]

Absorption coefficient

10% 10" 10" 10
Peak intensity |, [W/cm’]
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e for A\ =400 nm. A charge-coupled camera is used to monitor
_ ] a fraction of the beam in order to compensate for pulse en-
] A =400 nm . ] ergy variations. Intensity is varied by a set of calibrated neu-
0.3 ] % g tral density filters. The targets are aluminum film$00 nm
1 = experiment + ] thick, produced by a conventional low-vacuum evaporation
theory 1 method on optically smooth glass substrates. The target is
0.2 ] moved between shots, so that each laser pulse hits a clean
" ‘} 1 target area. A beam splitter is mounted before the lens and
) ] sends part of the specularly reflected light to a calibrated
t ; pyroelectric energy meter, located outside the vacuum cham-
ber. The time-integrated reading of the energy meter is cor-
e 1 1 rected to account for the beam splitter, lens, and vacuum-
] window reflections. An Ulbricht sphere was used to measure
T . . T diffused reflection, but this reflection was always much less
10" 10" 10" 10" 10" than 1% of the incident light, and was not taken into consid-
Peak intensity |, [W/cm’] eration.
Figure 6 presents a comparison between the experimental
FIG. 7. Comparison of the experimental results with the theo-and the theoretical results we have obtained at800 nm.
retical predictions for 400 nm wavelength. The values ofA presented on Fig. 6 are averaged over the
Gaussian intensity distribution in the laser focal spot on the
is exact for lowTg), but increased somewhat for largég  target surface. The intensity specified corresponds to the
(by 70% forT,=20 eV) in comparison to those shown in spot center. At room temperature, fo=800 nm the targets
Fig. 2 above. This precision improvement has a negligiblehaveA=0.139(measured by the same setup operating in cw
effect onA (at T,=3 eV, the e-e collisions and the intra- mode. Figure 6 shows that the agreement between the
band absorption are dominant anywayerefore, we recom- theory and the experiment is quite good, with both the theo-
mend to use the analytic expressici?) for calculation of retical and the experimental curves showing the decrease in
the optical properties. absorption with minimum at,~10'® W/cn?. In the present

paper this phenomenon is predicted and observed for the first
time.
Figure 7 presents a comparison between the experimental
Experimental measurements of the absorption coefficierdind the theoretical results we have obtained a400 nm.
A in aluminum as a function of peak laser intendigywere  This wavelength is located far from the PB interband absorp-
conducted using the Soreq high-intensity0 TW) short-  tion peaks, therefore in this case, the broadening of the afore-
pulse laser facility. The Ti:Sapphire oscillator produces a 74nentioned peaks does not produce a decrease in the inter-
MHz train of about 20 fs pulses with spectral width of 45 nm band absorption, and is predicted to grow monotonously
around\ =800 nm and with an average power of about 0.4with 1,. The experimental results agree very well with the
Watt (5 nJ per pulse A Pockels-cell based pulse picking theory.
device selects only the pulses to be amplified, at a repetition The absence of a decreaseAiin theA =400 nm experi-
rate of 10 Hz. These pulses are stretched by an all-reflectivment confirms our theoretical prediction that the ultrafast
aberration-free stretcher to a pulse width of about 0.2 nsmelting plays no role fol,<10'* W/cn?. Indeed, if the
After amplification in a regenerative amplifier, another Pock-ultrafast melting was contributing to the decreaseAiob-
els cell is used to clean the pulse from pre- and post pulseserved in the\ =800 nm experiment, one would expect to
The second and third amplification stages are four-pass anfind A decreasing foh =400 nm, too, since the dependence
plifiers, boosting the pulse energy to35 and>800 mJ, of T;(x,t) on I, is quite similar for these two laser wave-
respectively. The pump sources are Nd:YAG lasers operatingngths. The comparison of the experimental results\for
at 10 Hz in second-harmonic generation with total pumping=400 and for 800 nm confirms therefore that the decrease in
energy of 2.5 J per pulse. Gain narrowing reduces the speg observed foh =800 nm atl ,<5x 10'* W/cn? is caused
tral bandwidth to about 25 nm. A high efficiency-67%) by the broadening of the PB interband absorption peak.
parallel grating compressor is used to recompress the pulses The difference between the predicted and the measured
to 45 fs, producing 10 TW pulses at 10 H450 mJ per values ofAatA=800 nm, |,~10'* Wicn?, is due to the
pulse. Nanosecond and picosecond prepulses were megrepulse effect. Indeed, at=400 nm, the pulse-to-prepulse
sured using high-dynamic range photodetector and thirdeontrast ratio is improved by the frequency doubling, and the
order autocorrelator, respectively. The use of the pulse pickesxperimental results agree well with the theory also for high-
and pulse cleaner modules allows us to obtain the prepulsest peak intensities.
to-pulse contrast ratio better than 1°1To produce 400 nm We stress that the theory we have presented has no free
radiation, a thin(0.3 mm BBO crystal was used, with con- parameters to fit the experimental curves. The parameters
version efficiency of a few tens of perceftensity depen- characterizing the electron and phonon spectra and interac-
den). tion in metallic aluminum are all found from the published
The laser is focused on the target by/d0 lens, at 0 °.  data on room-temperature properties and dc conductivity of
The focal diameter is 7Qum for A=800 nm and 60um  aluminum.

Absorption coefficient

0.1

I1l. EXPERIMENT
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V. SUMMARY crystal structure of target metal at the depths of order of a

. . .skin depth remains intact during the laser pulse. Second, it is
We have presented a comprehensive theoretical descrll3'rucial to account for both e-e and e-ph collisions in the

f&lrforufgss?r?srﬁreﬁg?nagg thﬁ)vr?ggg?ui 'Qf'ierir:;eur::;ells\?;ﬁigetermination of electron momentum relaxation rate. In
erp " pr perim many theoretical treatments found in literature, only e-ph
cation for our results in aluminum. The mechanisms of mo-

. : collisions are taken into account, while in reality, the role of
mentum and energy relaxation are considered, and the e

ressions for the respective relaxation times are obtaine -e collisions in the radiation absorption is essential. More-
b P yver, for the above conditions the role of e-ph collisions is

The thresholds and the time scales for the processes leadi%%ly secondary. Indeed, as we have shown above, in Al for

to the destruction of the lattice order are given. _ e . .
We have demonstrated, both theoretically and experimen-l-_‘r‘1 eV, the laser radiation absorption occurs mostly in

tally, that the interplay between the inter- and the intrabandnterband transitions, while fof¢=3 eV, the absorption is

absorption mechanisms in a metallic target irradiated by fs[nqstly due to COI.“S'OnS betwee_n elec_trons. Finally, the th'rd
oint we would like to stress is the importance of solving

Iallse.r.pulses of n.ear.-mfrared or V'S.'ble radla_ltl_on can lead to %irectly the Helmholtz Eq(4) rather than using simple ap-
significantreductionin the absorption coefficient compared )
proximations based on Fresnel formula. Indeed, due to the

to its room-temperature value. In aluminum, this phenom-

enon takes place for radiation peak intensities up tolnterplay between various contributions 40 the complex

3 refraction index changes strongly and nonmonotonously on
i;; 1gln d\g/g?ri'n;oerstthr?e\g?\égl(‘)e?ﬁ;hs between 750 and 870the distance of order of the skin depth from the irradiated

It is important to stress the following three points pertain_target surface inwards. These spatial variations have a strong

ing to the formulation of the mathematical model, E(f9- effect on the absorption coefficient,
(5). First, the dielectric permittivity at the laser radiation fre-
quency is often dominated by interband transitions term
rather than by the intraband transitiofisverse bremsstrah-
lung) term. This is important for shorttens of fg laser The authors acknowledge valuable discussions with Y.B.
pulses of moderate intensityl <10 W/cn?), when the Levinson.
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