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Dirac! distribution. For such a distribution function E
5p2k2D(«F)(Te

2
2T l

2)/6 and N5D(«F)k(Te2T l)ln2, giv-
ing

^«&5E/2N5p2kB~T l1Te!/6 ln2.

Provided that Te2T l!T l , the approximation used in the
present treatment, ^«&5E/2N5p2kBT l/6 ln2;kBT l . Just
after the arrival of the laser pulse the initial athermal distri-
bution is characterized by ^«&5hn/2@kBT l . The increase in
electron number due to e-e scattering and phonon emission
lead to the decrease in ^«&, until ^«&;kBT l . However, Eqs.
~5! and ~7! are no longer valid for ^«&;kBT l , in which case
temperature-dependent corrections to these equations be-
come appreciable. Under such conditions the stimulated
emission and absorption of phonons, described by the term
in Eq. ~6! proportional to kBT l]

2n/]«2, is no longer negli-
gible. The evolution of n«(«), now described by an equation
containing a term in ]2n« /]«2, becomes diffusive in energy
space, resulting in a significant rounding of n«(«) for 0,«
,kBT l . As a simplifying assumption we shall assume that
this rounded distribution n«(«) can be described by a Fermi-
Dirac function at some temperature Te(t) for t.tT . This
assumption implies that the linearized TTM in the spatially
homogeneous case can be used for t.tT . This corresponds
to the use of Eq. ~4! with De50 and S(z ,t)50. In order to
have an analytical expression for all times, we also make use
of the approximate solutions ~16! and ~17! of the linearized
Boltzmann equation up to t5tT . Taking the total energy
from Eq. ~17! as the initial condition for the solution of the
linearized TTM for t.tT , one obtains

E

EV
5F12S tT

tE
D 3/2

1bS tT

tE
D 3Ge2~ t2tT!/te, ~18!

for times t.tT . For the TTM with Te2T!T l , N is related
to E through

N5~3 ln2!E/~p2kBT l!,

as discussed above. The small overheating of the electrons at
t5tT is given in this approximation by Te(tT)2T l
5E(tT)/gT l and for subsequent times by E(t)/gT l . With
estimates given below for tT and tE appropriate to gold, the
condition Te(tT)2T l!T l is equivalent to F!10 mJ cm22

for d;10 nm. Stimulated phonon processes, whose effects
are appreciable for t*tT , are controlled not by the sponta-
neously emitted phonons but by the interaction with the ther-
malized phonon bath at the lattice temperature T l . This is
because the total energy of the phonon bath characterized by
a Bose-Einstein distribution with temperature T l is assumed
to be significantly larger than the energy of the emitted non-
equilibrium phonons. This assumption is valid because DT l
!T l for all times. ~In fact the assumption Te2T l!T l im-
poses more stringent conditions on the fluence than does
DT l!T l .!

Reflectivity and photoemission data in gold confirm this
relaxation to a Fermi-Dirac distribution, and give tT
;0.5 ps.2,4 A rapid reshaping of the distribution at t;tT can
be justified by estimates based on Eq. ~6! for the time,
;100 fs (!tT), needed for stimulated phonon processes to
effect the required smoothing of n«(«) up to «;kBT l .16

The condition for thermalization is obtained by equating
the expression for E/2N for the two models at t5tT , under
the approximation Te2T l!T l :

12u3/2
1bu3

u1/2~122bu3/2!
5

p7/3

4 ln2 S tS

t0
D 1/3 kBT l

«F
, ~19!

where u5tT /tE , and use has been made of Eq. ~13!. Ex-
pressing u as a function of t0 using Eq. ~13!, Eq. ~19! can be
converted to a quadratic equation in t0

1/2, with coefficients
depending on tT and tS . Therefore, given values for tT and
tS it is possible to solve analytically for t0 . ~Conversely, by
a numerical approach it would also be possible to evaluate tT
given t0 and tS .!

Taking tT'0.5 ps from reflectivity measurements in the
linear response regime,4 and using reasonable literature
estimates of k(5317 W m21 K21), Ce(52.0
3104 J m23 K21), and te(51 ps) for gold at 300 K ~g
5Ce /te52031015 W m23 K21, tS565 ps!,4,6 we derive
t050.33 fs and tE50.75 ps. ~Only the larger root of the
quadratic equation for t0

1/2 is physically significant, giving
the correct limiting behavior when tT→0.! Hot electron and
low-temperature resistivity experiments yield similar t0 ,
from 0.3 to ;1 fs.2–5,17,18 Theoretical calculations based on
the random phase approximation give t0'7.5/vp'0.55 fs
for a free electron gas ~vp the plasma frequency!,19 whereas
those based on the e-e scattering contribution to resistivity
give t0'0.3 fs,14,20 the latter estimate including the effects
of the exchange interaction, umklapp processes, and band
structure in general.

The predicted variations of N and E in the spatially ho-
mogeneous case are shown for gold in Figs. 1~a! and 1~b! for
our ‘‘interpolation model’’ that combines the Boltzmann
equation and TTM ~see solid curves! and for the TTM used

FIG. 1. Calculated evolution of ~a! nonequilibrium electron
number and ~b! energy, under homogeneous conditions after exci-
tation with an ultrashort optical pulse. Solid curves: interpolation
model for tT50.5 ps and t050.33 fs, appropriate to gold; dashed
curves: for tT50.25 ps and t050.22 fs; dotted curves: two-
temperature model.
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schnelle
 Photodiode

Laser

µ-Metall Abschirmung
Channelplate

Beamsplitter

Elektronen-Trajektorie

Driftstrecke

- 1V

"START"-
Signale

"STOP"-
Signale

Probe

Zähler-
karte (2 GHz)

Vorver-
stärker
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