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1Dipartimento SBAI, Universit�a di Roma ‘‘La Sapienza,’’ Via Scarpa 14-16, 00161 Roma, Italy
2INRS-EMT, Varennes, Qu�ebec, Canada
3Istituto Nazionale di Fisica Nucleare, Via E. Fermi, 40-00044 Frascati, Italy
4LULI, �Ecole Polytechnique, CNRS, CEA, UPMC, route de Saclay, 91128 Palaiseau, France
5CEA, DAM, DIF, F-91297 Arpajon, France
6GoLP/Instituto de Plasmas e Fus~ao Nuclear-Laborat�orio Associado, Instituto Superior T�ecnico,
1049-001 Lisboa, Portugal
7Centre de Physique Th�eorique, �Ecole Polytechnique, CNRS, 91128 Palaiseau, France
8School of Mathematics and Physics, The Queen’s University, Belfast, United Kingdom

(Received 27 June 2013; accepted 28 October 2013; published online 27 December 2013)

Isochoric heating of solid-density matter up to a few tens of eV is of interest for investigating

astrophysical or inertial fusion scenarios. Such ultra-fast heating can be achieved via the

energy deposition of short-pulse laser generated electrons. Here, we report on experimental

measurements of this process by means of time- and space-resolved optical interferometry. Our

results are found in reasonable agreement with a simple numerical model of fast electron-induced

heating. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4833618]

I. INTRODUCTION

Over the past decade, significant effort has been

dedicated to particle acceleration by ultra-intense lasers

(I > 1018 W=cm2). These high-energy, short-pulse, compact

particle (or radiation) sources may be useful for a number of

applications, ranging from inertial confinement fusion,1–3

radiography of dense material,4 generating compact particle-

micro-lenses,5 accelerator physics,6,7 to the generation of

warm dense matter (WDM) states.8–11 Regarding the latter,

the capability of laser-generated fast electrons to isochori-

cally heat solid samples has been recently demonstrated.12

The energetic electrons produced during high-intensity

laser-matter interaction deposit their energy into the target

through a variety of collisional and collective processes. This

energy dissipation takes place over a short time scale with

respect to the hydrodynamic expansion of the target. The fast

electrons can be split into two groups. The highest-energy elec-

trons (>MeV) will propagate through the target with little

energy transfer. By contrast, the moderate-energy electrons

(0.1–1 MeV), of much higher density, will be affected by the

fields set up inside the target and at its boundaries.13 For typical

laser and target parameters, the maximum bulk electron heating

evidently increases with the fast electron current density.

Aside from experimental evidence suggesting that the

hot electrons give rise to large longitudinal14 and transverse15

temperature gradients, there is still a need of quantitative

modeling of the underlying physics. Indeed, the standard sim-

ulation tools used to this goal either (i) treat kinetically all

plasma species (as in PIC codes), but commonly overestimate

the target heating due to improper equations of state (fixed-

ionization perfect gases are usually assumed), reduced geom-

etry (generally 2D Cartesian) and some level of numerical

heating; or (ii) combine kinetic (for the fast electrons) and

fluid (for the bulk plasma) descriptions, but at the cost of an

ad hoc characterization of the fast electron source and a

somewhat artificial discrimination between fast and bulk par-

ticles. These difficulties motivate highly-resolved experimen-

tal measurements that can serve to benchmark numerical

models of fast electron generation and transport.

Up to now, the fast electron-induced heating was diag-

nosed either from the target thermal emission12,16 or through

x-ray spectroscopy.17–19 Since it is usually performed in a

frequency window that is off the peak of the Planckian distri-

bution, the first method has often a poor resolution over

the typical temperature range of current experiments

(�10–100 eV). By contrast, it allows spatial and temporal

resolutions, though limited to a few tens of lm and ps. The

second technique usually permits more accurate temperature

measurements, yet with a degraded (if any) spatial resolu-

tion. To overcome these limitations, we have recently devel-

oped a novel time- and space-resolved optical interferometry

(TASRI) technique (described in detail in Ref. 20), which

enables the simultaneous determination of hot electron den-

sity and temperature (nh; Th) and bulk (cold) electron temper-

ature (Tc) at the target rear surface.21

In this paper, we will show that the bulk electron temper-

atures inferred from the TASRI data are correctly reproduced

by a simple (0-D) three-component (hot electrons, bulk elec-

trons, and ions) heating model. In addition, we will show that

the effective hot electron temperature (i.e., that determining

the plasma expansion) is weakly sensitive to the laser inten-

sity under the conditions considered in our experiment.

II. EXPERIMENTAL SETUP AND DATA ACQUISITION

The experiment was performed using the 100 TW laser

at the Laboratoire pour l’Utilisation des Lasers Intensesa)Electronic mail: patrizio.antici@polytechnique.edu.
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(LULI) working in the chirped pulse amplification (CPA)

mode. Its set-up is shown in Figure 1. The wavelength (k0)

of the laser light is 1.057 lm, and the pulse duration was var-

ied from s¼ 320 fs to s¼ 5 ps, as measured after compres-

sion and before focusing. Focusing of the main interaction

laser was achieved using a f/3 off-axis parabola, and targets

positioned at focus were irradiated at normal incidence.

Dynamic wave front correction was applied before every

shot.22 For the TASRI diagnostic, a probe beam was used at

the same wavelength as the main beam (i.e., kp¼ 1.057 lm).

The probe beam is a pick-off from the main beam (see

Figure 1) with diameter of about 16 mm, energy of about

100 mJ, linearly chirped to about 50 ps, and incident on tar-

get with h¼ 45�. With a micrometric timeslide it was possi-

ble to change the delay between the main beam and the

probe beam with a precision of< 1 ps. We used aluminum

targets with thickness 25, 14, and 9.4 lm and very high qual-

ity reflectivity as needed for the TASRI diagnostic. As

shown in Figure 1, the image of the target surface, illumi-

nated and reflected by the probe beam, was collected by a

lens and sent to the TASRI diagnostic. The interaction laser

energy (�30 J) could be modulated using different attenuat-

ing optical densities (OD), namely OD¼ 0.3 (to divide by a

factor 2) and OD¼ 0.6 (to divide by a factor 4), thus generat-

ing various on-target intensities.

The TASRI diagnostic allows us to obtain phase maps of

the reflected probe beam on the target rear surface. The exper-

imental data are compared to synthetic phase maps obtained

by simulating the phase-shift of a probe beam reflected off the

expanding plasma cloud. The target expansion is simulated

using the 1-D electrostatic code described in Ref. 31, which

considers kinetic ions and Boltzmann-distributed (hot and

cold) electrons. This simulation requires, as input, the initial

temperature and density of the three plasma species. The total

phase shift, u, of the probe beam defined as

u ¼ 2

ðZ
zc

kdl ¼ 2

ðZ
zc

x
c

ffiffi
e
p

dl; (1)

is calculated along its forward and return path from a far ref-

erence point, Z, located in the vacuum up to the reflection

point, zc. Here, x is the laser frequency, c is the velocity of

light, and � is the dielectric constant. In the case of an

s-polarized beam propagating at an angle h with respect

to the target normal, reflection occurs at the density

nr ¼ ncð1� sin2 hÞ, where nc is the critical density at the

laser frequency x. The dielectric constant is given by

e ¼ 1� x2
pe

x2 1� i
�

x

� � ¼ 1� ne

nc 1� i
�

x

� � ; (2)

with � the electron collision frequency, xpe the electronic

plasma frequency, ne the electron density and i the imaginary

unit. Note that Eq. (2) simplifies without collisions to

e ¼ 1� ne

nc
: (3)

As the probe beam samples both the fast-expanding hot elec-

tron cloud and the slower-moving bulk plasma, one can infer

the hot electron and plasma properties (density, temperature,

or mean energy) with high spatial (�6 lm in the radial direc-

tion) and temporal (�4 ps) resolution.18–20 To do so, the den-

sity nh and temperature Th of the hot electron source, as well

as the bulk electron temperature Tc (and therefore the ioniza-

tion degree of the target ions),23 are adjusted so that the

simulated phase maps best fit the measured phase maps.

Note that the thus inferred hot and bulk electron parameters

correspond to effective values, i.e., those determining the

FIG. 1. Experimental setup showing

the main and TASRI beam and the

interferometric diagnostic (in the gray

shaded box).
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observed rear-side plasma dynamics. Spatial resolution is

obtained by repeating the above procedure at various radial

locations, within the assumption that the plasma expansion

mostly occurs along the target normal as a function of

the local hot electron and plasma parameters (see Refs. 19

and 20).

III. RESULTS

Table I summarizes the different laser and target condi-

tions investigated in the experiment. First, a 25lm thick Al

target was irradiated by a constant-duration, 320 fs laser pulse

with varying laser intensity. Second, the same target was irra-

diated by a lengthened 5 ps laser pulse. Finally, two Al targets

of thicknesses 9.4 and 14 lm were shot at maximum intensity

(I � 5� 1019 W=cm2). Table I also reports the average Th

value experimentally inferred in each case. The corresponding

spatial profiles of nh and Tc are plotted in Figures 2–4. Note

that the results of Figure 4 have already been discussed in

Ref. 21 and are reported in this manuscript for completeness.

For a 25 lm target thickness and a 5 ps pulse, Figure

2(a) shows a bell-shaped nh profile, in agreement with the

results of Ref. 4. The Tc profile displayed in Fig. 2(b) turns

out to be a strongly non-linear function of the laser intensity.

The profiles obtained at I � 3:2� 1018 W=cm2 and at

I � 1:6� 1018 W=cm2 almost coincide (to within �20%) up

to R ¼ 14 lm, whereas the peak temperature reached at

I � 8� 1017 W=cm2 is lower than the value obtained at

�1:6� 1018 W=cm2 by a factor �13. By contrast, in the

range 1:2� 1019 Wcm�2 < I < 5� 1019 Wcm�2 associated

to a 320 fs pulse, the Tc profiles exhibit an almost linear

dependence upon the intensity at various radial positions

(Figure 3(b)). In accordance with previous experiments in

similar conditions, we find that Tc scales as �1–2 eV/J of

laser energy.23–26 Similar to the case with s¼ 5 ps, for

s¼ 320 we find a bell-shaped nh profile (Figure 3(a)).

The variations of the nc and Tc profiles against the target

thickness (in the range 9.4 lm�25 lm) are displayed in

Figures 4(a) and 4(b). We find that the peak value of Tc

approximately scales as the inverse of the thickness

(Fig. 4(b)). For the 9.4 lm-target, temperatures of a few eV

can be measured up to radial distances of �135 lm. For

thicker targets, the heating drops below the detection limit

beyond �60–80 lm.

To gain insight into these results, we now consider in

more detail the energy dissipation channels between the hot

electrons and the bulk target particles. To this goal, we work

out a simple three-temperature model that generalizes the

work of Ref. 28.

IV. MODELING

Our model consists of solving the coupled heat equa-

tions of the hot electrons, bulk (cold) electrons, and ions.

The energy source provided by the hot electrons is trans-

ferred to the bulk plasmas through three main channels: (i)

direct collisions with the target bulk electrons; (ii) adiabatic

cooling due to plasma expansion (as a result of the ambipolar

field driving the target ions); (iii) electric slowing down due

to the finite target resistivity. The energy distribution of the

hot electron is taken in the form f Eð Þ ¼ expð�E=ThÞ. In

FIG. 2. (a) Spatial profile of the hot electron density for a 25 lm thick Al target irradiated with pulse duration s¼ 5 ps and intensity I � 3.2� 1018 W/cm2

(dots), I � 1.6� 1018 W/cm2 (squares), and I � 8� 1017 W/cm2 (diamonds). (b) Corresponding profiles of the bulk electron temperature. The inset is a detail

of the cold electron temperature for the shot performed at I � 8� 1017 W/cm2 (diamonds). The inferred average hot electron temperature is Th
0¼ 0.45 MeV.

TABLE I. Th values (MeV) for different target thicknesses (lm), pulse dura-

tions, and laser intensities (W/cm2). Error bars for the measured tempera-

tures are 0.2 MeV.

Pulse duration

320 fs 5 ps

Thickness

ðlmÞ
Intensity

(W/cm2)

Th rear

(MeV)

Intensity

(W/cm2)

Th rear

(MeV)

9.4 5.00Eþ19 0.85

14 5.00Eþ19 0.65

25 5.00Eþ19 0.45 3.20Eþ18 0.45

25 2.50Eþ19 0.45 1.60Eþ18 0.45

25 1.25Eþ19 not detected 8.00Eþ17 not detected
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practice, the hot electrons are initially distributed in a number

of energy groups (200, in our case) within the energy range

10 keV < E < 10Th, with numerical weights pi given by

pi ¼ expð�Ei=ThÞ=
XN

i¼1

expð�Ei=ThÞ: (4)

According to the previous discussion, the energy equation

for the hot electrons thus writes

dEhi

dt
¼ LcðtÞ

LhðtÞ
ShcðEhi

;nc;Z
�Þvhi
þdEhi

dx

����
ad

�LcðtÞ
LhðtÞ

gðTcÞj2
h

nh
: (5)

Here, Ehi
[similar to what indicated in formula (5)] is the hot

electron energy of each energy bin, LcðtÞ and LhðtÞ the spa-

tial extents of the cold and hot electron population, Shc is the

stopping power due to bound and free electrons, as well as to

plasmons,29 vhi
is the velocity of the electrons related to its

bin, g(Tc) is the target resistivity30 and jh is the hot electron

current density. The right-hand term in Eq. (5) accounts for

the slowing down induced by the resistive field E � gjh. The

hot electron current density can be estimated from

jhs ¼ enhL0, with s the laser duration, e the electron charge

and L0 the initial target thickness. Once the hot electrons start

recirculating through the target, we expect their net current

and the associated resistive heating to drop significantly. In

practice, jh is thus assumed to vanish for times larger than the

average transit time of the hot electrons through the target.

The targets under consideration have a thickness of the

order of a few microns, which is much smaller than their mm-

size longitudinal dimension. As a result, their expansion can be

reasonably assumed one-dimensional along the longitudinal

direction. The hot electron expansion can be characterized by

the time-dependent effective size Lh tð Þ and density nhðtÞ,

FIG. 3. (a) Spatial profile of the hot electron density for a 25 lm thick Al target irradiated with pulse duration s¼ 320 fs at I � 5� 1019 W/cm2 (dots), I �
2.5� 1019 W/cm2 (squares), and I � 1.2� 1019 W/cm2 (diamonds). (b) Corresponding profiles of the bulk electron temperature. The inferred average hot elec-

tron temperature is Th
0¼ 0.45 MeV in the first two cases.

FIG. 4. (a) Spatial profile of the hot electron density for three Al target thicknesses at fixed laser intensity �5� 1019 W/cm2 and pulse duration s¼ 320 fs. The

average hot electron temperature Th
0 is also indicated and is found to agree with the scalings suggested by Ref. 27 for similar target thicknesses (�10 lm). (b)

Corresponding profiles of the bulk electron temperature.
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which are related through the equation nh tð Þ ¼ nh0L0=LhðtÞ,
where nh0 ¼ nhð0Þ and Lh0 ¼ lhð0Þ are the initial hot electron

density and target thickness, respectively. The ratio Lc=Lh that

multiplies the stopping power and resistive terms in Eq. (5)

measures the reduction of the energy transfer caused by the hot

electrons’ expanding on distances larger than the bulk target

size. This expansion entails the adiabatic cooling of the hot

electrons according to PV!¼ const. The 1D expansion implies

!¼ 3 and V¼ L, there follows, for Eq. (5):

dEhi

dx

����
ad

¼ �2
Ehi

LhðtÞ
dLhðtÞ

dt
: (6)

In order to determine the evolution of LhðtÞ, we assume that

the hot electron density within the target significantly departs

from its initial value only after the rarefaction waves, gener-

ated at the target border, have reached the center.31 If we

define Dxrh the distance covered by the rarefaction wave,

this occurs when

DxrhðtÞ ¼
ðt
0

cshðt0Þdt0 ¼ L0=2; (7)

where

cshðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z�ðtÞhEhi=mi

p
; (8)

is the sound velocity associated to the hot electron expan-

sion.32 To define it, we have introduced the mean tempera-

ture for the hot electrons

hEhi ¼
X

i

piEhi
ðtÞ: (9)

The density is kept unchanged (nh tð Þ ¼ nh0) as long as

Dxrh � L0=2. For Dxrh � L0=2, we assume a self-similar

expansion ruled by the equation33

d2L2
h

dt2
¼ 2c2

shðtÞ: (10)

The hot electrons transfer their energy to the cold electrons,

which, at a slower rate, transfer part of their energy to the ions.

We can therefore write for the bulk electrons and ions

Ce
dTc

dt
¼ nh

XN

i¼1

pi

Y
ðEiÞvi � cei Tc � Tið Þ

þ gðTcÞj2
h=Ce þ Ce

dTc

dt

����
ad

� Qr; (11)

Ci
dTi

dt
¼ ceiðTc � TiÞ þ CiðTiÞ

dTi

dt

����
ad

; (12)

where Ci and Ce are the bulk ion and electron heat capacities,

cei is the coupling coefficient and Qr is the radiative power

loss per unit volume (see later). The bulk target particles obey

the same expansion model than that used for the hot electrons

dTi;c

dt

����
ad

¼ �2
Ti;c

Lc

dLc

dt
; (13)

d2Lc

dt2
¼ 2C2

scðtÞ for Dxrc > L0=2 and 0 for Dxrc � L0=2;

(14)

with

cshðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z�ðtÞTc=mi

p
and xrc=dt ¼ csc tð Þ: (15)

Since the ions of interest for the TASRI diagnostic are those

pertaining to the dense and cold part of the target, we have

assumed Li ¼ LC.

The electron heat capacity Ce is calculated as in Ref. 34

Ce ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

C2
e1

þ 1

C2
e2

s ; (16)

where Ce1 is the electron heat capacity for a degenerate

plasma, which writes

Ce1 ¼
1

2
p2nckb

Tc

Tf
; (17)

and Ce2 is the electron heat capacity for a Maxwellian plasma

Ce2 ¼
3

2
nckb; (18)

with ne ¼ Z�ni. The ionization degree Z� is calculated using

the Thomas-Fermi model.35 We have checked that the sim-

ple interpolation formula Eq. (16) satisfactorily reproduces

the SESAME data used in Ref. 36.

As for the ions, the ion heat capacity can be conven-

iently expressed as37

Ci ¼ 3nikB for T<Tm; (19)

where Tm is the melting temperature and

Ci ¼
3

2
nikb 1þ 2

3

Tm

Ti

� �1=3
" #

for T > Tm: (20)

Although quite simple, the above formulae closely agree

with the corresponding SESAME values36 used in hydrody-

namic simulations for non-equilibrium plasmas.34

The electron-to-ion energy transfer is governed by the

coupling coefficient cei. Below the melting point, we can

approximate Cei 	 cei0 	 3� 1017 Wcm�3K for aluminum

and copper38,39 and approximate Cei 	 cei0 	 ð2� 3Þ
�1016 Wcm�3K for gold.36 To cover the temperature

range of interest, we use the rough approximation

cei ¼ minðcei0; ceisÞ, where ceis is the ideal plasma

(Spitzer)40 formula covering classical and degenerate

plasma regimes41

Ceis ¼
1

3ð2pÞ3=2

Znee4 In K

e2
0m

1=2
e kbTeð Þ3=2

: (21)

The factor Qr quantifies the radiative losses (relevant only at

temperatures>1 keV). The opaque and transparent plasma

regimes are treated by the following formula:42
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Qr ¼
QBQBB

QB þ QBB
; (22)

where the Bremsstrahlung-radiation (QB) and the blackbody

radiation (QBB) terms can be expressed as

QB Wm�3½ 
 ¼ Z�2ncniTe eV½ 
1=2

ð7:69� 1018m�3Þ

QBB Wm�3½ 
 ¼ rT4
C

LC
;

(23)

with r is the Planck constant.

Figure 5 shows the time evolution of the averaged hot

electron energy hEhi and the bulk temperatures Tc and Ti as

obtained from numerically solving the above system of equa-

tions using as input the TASRI-inferred parameters:

Th ¼ 0:45 MeV, nh ¼ 2:5� 1019 cm�3, and Tc ¼ Ti ¼ 300 K

for the 25 lm target; Th ¼ 0:85 MeV, nh ¼ 4� 1019 cm�3,

and Tc ¼ Ti ¼ 300 K for the 9.4 lm target. Let us now com-

pare the simulated Tc values to the measurements in order to

benchmark our code, and the domain of parameters where it

would be valid. We see that Tc saturates quite quickly while

hEhi decreases on a longer timescale. The late-time behavior

of Tc, Ti, hEhi as displayed in Figure 5 can be easily under-

stood. At the end of the computation, hEhi (i.e. the mean indi-

vidual energy of the hot electrons) remains still higher than

Tc, suggesting a continuation of energy transfer. However, the

energy transfer rate decreases since the hot electron energy

density (�nh hEhi) has then become negligible related to the

thermal energy density of the plasma (�ncTc). As a conse-

quence, the energy transfer to the ions decreases, generating

the observed saturation effect of Tc. At later times, Tc even

diminishes owing to the prevailing energy transfer to the ions.

The maximum target temperatures predicted for the

three target thicknesses considered (9.4, 14, 25 lm) are,

respectively, Tc ¼ 51; 43, and 32 eV. Overall, these values

compare reasonably well to those inferred from the TASRI

data, namely Tc ¼ 48; 31 and 15 eV. The discrepancy

observed for the thickest targets can be attributed to the fact

that lateral expansion effects then become more pronounced,

hence weakening the target heating. Despite its shortcom-

ings, our 0-D model provides a satisfactory description of

the target heating as a function of the hot electron source.

Additional calculations have been performed to assess

the dependence of the maximum value of Tc upon Th and nh.

We have found that Tc is much more sensitive to nh than to

Th: increasing Th by a factor of 2, i.e., from 0.45 to 0.9 MeV,

only marginally increases Tc by less than 10% whereas

dividing nh by a factor of 2 (i.e., nh ¼ 1:4� 1019 cm�3)

almost halves the peak value of Tc. We therefore deduce that

the electron density at the rear target surface has a very

strong contribution to bulk heating, in agreement with the

results of Figure 2. The importance of a confined hot electron

distribution for enhancing the acceleration process has

already been confirmed by various experiments based on

mass-limited targets.43 The present model also indicates that,

for the parameters investigated here, the return current term

weakly contributes (<10%) to the final target temperature.

The code therefore allows us to estimate the interplay

between the different parameters involved in the acceleration

process, namely the hot electron temperature, density, and

return current and gives us insight about their dependencies.

V. CONCLUSIONS

The properties of the bulk and hot electron populations

at the rear side of a laser-irradiated micrometer solid targets

FIG. 5. Simulated time evolution of

the average hot electron energy and

bulk Al target temperatures (left) and

of the various hot electron energy

groups (right) for two sets of input pa-

rameters: nh¼ 2.5� 1019 cm�3,

Th¼ 0.45 MeV, L0¼ 25 lm (top);

nh¼ 4� 1019 cm�3, Th¼ 0.85 MeV,

and L0¼ 9.4 lm (bottom). In both

cases the pulse length is 320 fs.
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have been inferred from a time- and space-resolved diagnos-

tic for laser intensities ranging from 1018 W/cm2 to

5� 1019 W/cm2. These measurements are satisfactorily

reproduced by a simple three-temperature model, which fur-

ther shows that, in our typical parameter range, the target

heating is mainly determined by the hot electron density.

Our model also indicates that, for the relatively weak

rear-side hot electron density under consideration, the return

current plays only a minor role in the target heating.
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