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We present measurements of the fast-electron-relaxation time in short-pulse �0.5 ps� laser-solid interactions
for laser intensities of 1017, 1018, and 1019 W/cm2, using a picosecond time-resolved x-ray spectrometer and a
time-integrated electron spectrometer. We find that the laser coupling to hot electrons increases as the laser
intensity becomes relativistic, and that the thermalization of fast electrons occurs over time scales on the order
of 10 ps at all laser intensities. The experimental data are analyzed using a combination of models that include
K� generation, collisional coupling, and plasma expansion.
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I. INTRODUCTION

It is well established that high-intensity lasers incident on
solid targets can generate relativistic electrons �1,2� through
interactions with the laser electric field or the associated pon-
deromotive force. These hot electrons can effectively heat
the solid target beyond the region of direct laser interaction.
This is an important aspect of the fast ignition concept, part
of a major effort to generate controlled thermonuclear fusion
�3�. How hot electrons couple to the bulk solid target is an
important open question, since many applications rely on
assumed high coupling and rapid thermalization of hot elec-
trons to background thermal electrons. In fast ignition, for
example, the thermalization time must be shorter than the
time for the compressed core to hydrodynamically disas-
semble, which is currently thought to be less than about
20 ps �3�.

K� inner-shell radiation, generated when hot electrons ex-
cite or ionize the core electrons of atoms in the solid, pro-
vides a diagnostic for the presence of hot electrons. In fact,
measurements of absolute K� radiation intensity are com-
monly used to estimate the number of hot electrons gener-
ated during the complex laser-target interaction �4–8�. Al-
though the time history of K� emission has been previously
measured for laser intensities lower than 1017 W/cm2

�9–12�, K� measurements at relativistic laser intensities have
up to now all been time integrated and have thus given no
insight into the time scale of the hot-electron coupling to
bulk thermal electrons. The direct, time-resolved measure-
ment of the K� signal presented here gives a direct determi-
nation of the coupling time, significantly increasing our un-
derstanding of the physical process of hot-electron
relaxation.

II. DESCRIPTION OF EXPERIMENT AND RESULTS

The experiment was performed at the Compact Multi-
pulse Terawatt �COMET� laser facility �13� at Lawrence Liv-
ermore National Laboratory. COMET is a hybrid chirped
pulse amplification �CPA� system with a Ti:sapphire oscilla-
tor and regenerative amplifier with a four-stage Nd:phos-

phate glass amplifier. The laser wavelength is 1054 nm. For
the data presented in this paper, the laser pulse was p polar-
ized with a length of 500 fs at full width at half maximum
�FWHM�. The laser energy �6–7 J� was focused with an
f /3.6 parabola onto a solid target at an incident angle of 45°.
The best focus was typically 8–10 �m FWHM, resulting in
a laser intensity of 1019 W/cm2 at the best focus. By system-
atically increasing the spot size on the target, we were able to
decrease the laser intensity down to 1017 W/cm2 while keep-
ing the laser energy constant.

Prepulse is a major concern in short-pulse, laser-solid ex-
periments. The temporal intensity contrast of the pulses is
characterized by three components: �1� a 12 ns prepulse pro-
duced by leakage in the regenerative amplifier, �2� amplified
spontaneous emission �ASE�, and �3� a pedestal produced by
the third- and fourth-order aberrations in the stretcher. Often,
the most significant prepulse comes from the leakage pulse
from the regenerative amplifier. Using two Pockels cells and
polarizers, a contrast of Ileakage/ Imain�10−9 was obtained. No
measurement was made of the contribution of ASE or third-
and fourth-order aberrations. However, an analysis of the
spectrum from the stretcher-compressor system suggests the
contribution of the third- and fourth-order aberrations to non-
Gaussian components produce a contrast of Iaberr / Imain
�10−5 at about 2 ps before the peak of the pulse �14�. To
confirm that the ASE level produced no preformed plasma,
solid targets were illuminated without seeding the amplifiers
with the oscillator pulse. No damage was observed, suggest-
ing minimal effect from ASE. As a monitor of the preformed
plasma, a visible spectrometer was set up to look at the
specular reflected laser light. Because Raman scattering and
two-plasmon decay are a strong function of density scale
length �15�, the spectrally resolved, specular light provided a
shot-to-shot monitor of large fluctuations in the prepulse. We
observed mostly constant harmonic spectra throughout the
experiments, indicating stable preplasma conditions during
the laser-target interactions.

The laser targets consisted of 12.5 �m of Ti overcoated
with 1000 Å of Al. The Al layer prevented direct illumina-
tion of the Ti foil, thus eliminating any direct laser heating.
The x-ray emission from the target was collected using a
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time-resolved x-ray streak camera �16� interfaced to two
crystals arranged in the von Hàmos geometry: a graphite
crystal with an 11 cm radius of curvature �Rc� to collect the
Ti K� emission and a second crystal with Rc=3 cm to col-
lect the Al K-shell 1s2p�1P�-1s2�1S� �He-�� emission. The
streak camera was coupled to an image intensifier, a 2:1 fiber
optic reducer, and a fiber optic face plate mounted on a 16-
bit, water-cooled, 1024�1024 pixel charge-coupled device.
The time resolution of the streak camera is about 1 ps, and
the total coverage is about 40 ps. A time-integrated measure-
ment of the electrons escaping the target was made using an
absolutely calibrated fiber-optic array compact electron spec-
trometer �FACES� �17�, which was set up to measure elec-
trons from 80 keV to 6 MeV. It was positioned 37 cm be-
hind the target, 15° off the laser propagation direction with a
solid angle of 1�10−4 steradians. Finally, a time-integrated,
spatially resolved x-ray spectrometer with a spherically bent
quartz crystal was fielded to view the back surface of the
target, providing high-resolution spectra from which the
heating of the Ti target was determined �18�. This diagnostic
also measured the transversal size of the emission region on
the back side of Ti targets, which showed that the emission
region actually increases with decreasing focal spot size �in-
creasing laser intensities�.

Data were collected at laser focal intensities of 1017, 1018,
and 1019 W/cm2, spanning the transition from nonrelativistic
�Pos / �mec�=0.3� to relativistic �Pos / �mec�=3� laser intensi-
ties, where Pos is the electron momentum and me the electron
mass. Figure 1 shows that significantly more hot electrons
were observed by the electron spectrometer as the laser in-
tensity became relativistic: the number of �100 keV elec-
trons per keV increases from 4�105 for I=1017, to 9�105

for I=1018, and to 2�106 for I=1019 W/cm2. This increase
is consistent with the measured enhanced laser absorption at
higher laser intensities described in Ref. �19�. A quantitative
description of the hot-electron energy distribution is the so-
called hot-electron temperature Th, obtained by fitting the
spectrum with one or more quasi-Maxellian distribution
functions. To estimate Th right after the laser pulse from the

time-integrated spectra, we fit a Maxwellian to the high end
of the energy distribution, reasoning that the hot-electron en-
ergy can only decrease after the laser pulse is turned off. Fits
to the high end of the electron distribution give Th=100, 270,
and 520 keV for laser intensities of 1017, 1018, and
1019 W/cm2, respectively. These temperatures agree ap-
proximately with the ponderomotive scaling of hot electrons
�20� except for the highest intensity, where the measured Th
is about half of the predicted value.

The angular dependence of the hot electron distributions
from short-pulse solid interactions has been determined ex-
perimentally and explained theoretically �19,21–27�. For our
case �a high-contrast p-polarized laser incident at 45° to a
foil target�, the most dramatic angular variations would be
due to collimated hot-electron jets. At intensities of 1017 and
1018 W/cm2, these jets form mostly in the specular and tar-
get normal directions at the front of the target �22,27,28� and
are driven by resonant absorption. At 1019 W/cm2, another
jet forms at the back of the target due to poderomotive heat-
ing. The angle of this jet is predicted to be about 20° off the
laser direction �26,27�. Since the FACES measurement looks
at the back of the target 15° off the laser direction, it is not in
the path of the possible jets. Based on the studies of Refs.
�22,26–28�, we estimate the FACES measurements to be
within 10–35 % of the 2� average of any plausible aniso-
tropic distribution.

Although the large majority of hot electrons at the mea-
sured Th pass unperturbed through the thin Al layer on the
front of the target, the 1000 Å Al is heated by both direct
interactions with the incident laser and the laser-generated
hot electrons. Measurements of Al K-shell emission from the
TREX spectrometer at wavelengths between 7.6 and 7.9 Å
indicate significant heating but little expansion of the Al
layer: We observed a prominent Al He-� line at 7.765 Å, but
detected neither a strong intercombination line
�1s2�1S�-1s2p�3P�� at 7.806 Å nor significant satellite emis-
sion from Li-like or lower-charged Al ions. The absence of
the density-sensitive intercombination line �whose upper
level is a metastable state that is collisionally depopulated at
densities higher than 1021 cm−3 �29�� indicates that no sig-
nificant preplasma is formed before the arrival of the main
pulse, confirming the prepulse and Raman measurements
discussed above.

Figure 2 shows the time history of the measured Ti K�
intensities for the three laser intensities. We measure the hot-
electron relaxation time �defined as the FWHM of IK�� to be
15.9, 13.2, and 12.3 ps, for laser intensities of 1019, 1018, and
1017 W/cm2, respectively. These K� emission durations are
significantly larger than those measured previously �9–12�.
This is due to the fact that our hot-electron temperatures are
at least one order of magnitude larger than in previous ex-
periments; as a consequence, the hot-electron range is many
times the target thickness so that multiple interaction and K�
generation can occur with parts of the target that are trans-
parent for K� radiation.

In addition to generating K�1 emission through collisions
with Ti ions, the hot electrons can increase the temperature
of the bulk target through collisions with bulk �thermal� elec-
trons. An analysis of spherical crystal spectrometer measure-
ments indicated a final bulk temperature Tc�50 eV and an
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FIG. 1. �Color online� Electron spectroscopy data from FACES
for the three laser intensities. Error bars of the measurement are
marked for the medium intensity. The dotted lines are the exponen-
tial fit to the high-energy section of the spectra.
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average Ti ion charge of 4–5 �18�. The Al layer is also heated
partially by the hot electrons and remains hot enough to emit
significant Al He-� radiation long after the Ti K� emission
has decayed. The Al He-� emission persists over at least
40 ps �the time coverage of the streak camera�.

III. ANALYSIS AND MODELING

Shielded by the Al layer from direct laser heating, the Ti
layer mostly interacts with hot electrons that excite and ion-
ize K-shell electrons and produce Ti K� emission. Because
the decay of the upper �n=2� level is extremely rapid, occur-
ring in about 5 fs for Ti K�1 �30�, the Ti K� intensity from
each ion is limited by the rate of electron-impact ionization
from the 1s shell: ne�F�E�ve��E�� s−1, with F�E� a normal-
ized hot-electron distribution function, ve the impact electron
velocity, and ��E� the cross section of electron impact ion-
ization. The K� radiation emitted from a volume element dV
of ions with density nion is thus

IK�
�1� = �

V,E
nionneF�E�ve�E���E�dV dE �photons/s� . �1�

The total K� intensity is typically obtained by integrating
nion over dV and summing IK�

�1� over volume elements with
various electron distributions. However, since the integration
over F�E� is limited to those electrons with energies greater
than �E�5 keV, the number of hot electrons rather than the
number of emitting ions is the limiting factor on the K�
intensity and we may integrate over ne rather than nion. �For
example, the total K� intensity from a 10-�m-diameter re-
gion with a hot-electron fraction f =10−1 would be the same
as that from a 100 �m region with f =10−3.� Holding nion
constant at each moment and integrating the hot-electron
density over all space, we thus obtain

IK��t� = Nh�t�nion�t��
E��E

F�E,t���E�ve�E�dE �photons/s� .

�2�

This intensity is dependent on the number of hot electrons
Nh, the ion density, and �weakly� F �E ;E��E�5 keV�. It
is important that IK��t� is independent of the emission vol-
ume, so we need not know the time evolution of the spatial
distribution of hot electrons.

To model the time-dependent K� emission and interpret
the measured hot-electron relaxation times, we have devel-
oped an expanding multicomponent plasma model. In this
model, hot electrons initially injected into the target at a
temperature Th0 can lose energy in two ways: �i� through
direct collisions with bulk electrons that transfer energy from
the hot electrons to cold electrons and ions and �ii� through
adiabatic cooling due to plasma expansion as determined by
the ion sound speed �31�. Since the hot electrons move much
faster than the ions �vi�0.1c for protons typically, while
ve�c�, Th evolves adiabatically according to pV	=const.
The volume V=Ld is defined by the ion-front position and
the geometry of the expansion, which can be planar �d=1�,
as assumed here, or spherical �d=3�, which might apply to

thin targets with tightly focused laser foci. The combination
of expansion and collisions gives

dTh

dt
= 	L�t�

L0

−d

� 
�
hc�Tc − Th� + d�1 − 	�

�Th0	L�t�
L0


−d		L�t�
L0


d−1dL�t�
dt

, �3�

dTc

dt
= 	L�t�

L0

−d

� 
�
ch�Th − Tc� , �4�

dL�t�
dt

= 2cs�t��2 ln��it + 1� + ln 2 − 1� , �5�

where 
�
hc is the energy transfer rate between hot and cold

electrons given by


�
hc =

8�2�e4

3�me

nc ln 

�kBTc + kBTh�3/2 . �6�

Here the ion sound velocity cs�t�=�Th�t� /Mi and �i

=�4�niZ
2e2 /Mi is the plasma frequency for ions with den-

sity ni, mass Mi, and charge Z �32�. The factor �L�t� /L0�−d

enters Eqs. �3� and �4� to account for the fraction of the time
that the hot electrons spend inside the target. We use an
adiabatic coefficient of 	=5/3 and a Coulomb logarithm of
ln =5. Electron-ion collisions are omitted because they
contribute only a fraction Z2�me /mi��1 to collisional relax-
ation.

The predictions of this simple relaxation model under
conditions that are roughly comparable to the experiment for
a laser intensity of 1019 W/cm2 are shown in the inset in Fig.
3. With Th=500 keV, our model predicts an initial drop in Th
over the first �5 ps due to expansion and equilibration after
�20 ps due to collisions. The final bulk temperature of a few
tens of eV is in good agreement with the bulk temperature
determined by spectroscopic measurements �18�. The role of
expansion is most important for large Th values: neglecting
expansion in our example case with Th=500 keV extends the
equilibration time to 30 ps, but has no noticeable effect for
Th�100 keV.
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FIG. 2. �Color online� Ti K� line intensity as a function of time
at the three laser intensities. The full width at half maximum is 15.9,
13.2, and 12.3 ps measured at laser intensities of 1�1019, 1
�1018, and 1�1017 W/cm2, respectively.
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We have used the measured hot electron temperature and
the relaxation profile from the above model with the
collisional-radiative code FLYCHK �33� to derive the Ti K�
profile under the assumption that the K� signal is due solely
to laser-generated hot electrons. FLYCHK determines time-
dependent screened hydrogenic level populations by solving
a coupled set of rate equations which include collisional ex-
citation, deexcitation, ionization, and recombination as well
as radiative emission, recombination, electron capture, and
autoionization processes. These level populations are used
with Eqs. �1� and �2� to determine the K� signal as a func-
tion of time. As shown in Fig. 3 for the case of 1019 W/cm2,
the time duration �10–20 ps� of the modeled K� is close to
that measured by the experiment �15.9 ps�. For the two lower
laser intensities, the agreement between modeled K� dura-
tion �2–10 ps� and the measurements �12–13 ps� is less sat-
isfactory. Moreover, even when the model matches the decay
of the K� intensities, it does not reproduce the measured rise.
Unlike earlier studies at lower laser intensities
�1014–1017 W/cm2� �10–12� where the measured K� burst
time was close to the laser duration, the main pulse �500 fs�
and K� signal �10–15 ps� cannot be coincident in our ex-
periment.

Assuming that the main laser pulse occurs before the
maximum K� intensity and that the hot electrons spread
throughout the target thickness rather than remaining in a
thin surface layer, there are two possibilities which can ac-
count for the few-picosecond measured rise in K�. The first
is that the early K� signal is due to hot electrons generated
well before the peak of the main laser pulse. In this scenario,
the K� emission rises along with a prepulse laser intensity,
reaching its maximum near the time of the peak intensity of
the main pulse. While a non-Gaussian component due to
imperfections in the recompression could in principal con-
tribute to the population of K�-generating electrons before
the peak of the main pulse, with our laser contrast we do not
expect the prepulse to produce measurable K�.

The second, more plausible, scenario is that the main
pulse occurs well before the K� intensity peak, creating an

initial population of hot electrons that both directly generates
K� photons via inner-shell processes and creates secondary
“K� electrons” �i.e., electrons with sufficient energy to pro-
duce further inner-shell ionization� via ionization of valence
�M-shell� electrons. To quantify this scenario, we have com-
puted the energy distribution of secondary electrons created
in an M-shell ionization event. We find that the fraction of
secondary electrons with E�5 keV is more than 30% for
impact electron energies of 100 keV. This fraction increases
with the impact electron energy. By comparing the rates of
M-shell and K-shell ionization processes for the hot elec-
trons, we find that for each electron with energy
100–300 keV, M-shell ionization is 400–500 times more
likely than K-shell ionization. Thus, for each collision of a
hot electron with an M-shell ion, direct production of K�
emission has a probability of less than 1% while production
of a secondary electron which can itself produce K� emis-
sion is around 30%. For an initial hot-electron fraction of
10−3 �an estimate obtained by assuming that 50% of the laser
energy goes into hot electrons in a 12.5 �m by
200 �m-diameter disk in the solid Ti target�, the M-shell
ionization rate is �1012 s−1. The resulting time scale of sec-
ondary electron generation is a few picoseconds, which cor-
responds rather well to the observed K� risetime. The num-
ber of secondary electrons is limited by energy conservation
to be 10–20 for each initial �100 keV electron produced by
the main laser pulse. In this scenario, the observed risetime
of K� �and indeed the majority of the K� production� is due
to an effective increase in the value of Nh given in Eq. �2�—
not through direct excitation by either the main laser pulse or
a prepulse, but through valence-shell ionization processes
occurring on the same time scale as the temperature thermal-
ization.

IV. SUMMARY

We have measured the relaxation time of hot electrons
produced in short-pulse laser-solid interactions at relativistic
laser intensities, advancing our understanding of fast electron
transport and coupling for fast ignition and other applica-
tions. We find increased laser coupling to hot electrons as the
laser intensity becomes relativistic and a much longer �on the
order of 10 ps� duration of K� emission than the temporal
duration of the main laser pulse. The time scale observed
�12–16 ps� is still short enough to allow laser-driven hot
electrons to be useful for fast-ignitor energy deposition. We
have proposed a simple model based on collisional coupling
and plasma expansion. We also discussed the possible effect
on the time history of K� from secondary K� electron gen-
eration from the interaction between the primary hot elec-
trons and the target.
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