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The effects of atomic number Z on the energy distribution of hot electrons generated by the interaction of 60fs,

130mJ, 800nm, and 7×1017W/cm2 laser pulses with metallic targets have been studied experimentally. The results

show that the number and the effective temperature of hot electrons increase with the atomic number Z of metallic

targets, and the temperature of hot electrons are in the range of 190–230keV, which is consistent with a scaling law of

hot electrons temperature.
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1. Introduction

The emission of hot electrons from short-pulse-

laser-produced plasma has been studied intensively

in the last few years. With shorter laser pulses

and higher laser intensities, hot electrons, which

have an anisotropic distribution[1] that depends not

only on the laser intensity but also on the pulse

duration,[2] dominated ion acceleration and x-ray

production.[1,3−5] Therefore, the study of the en-

ergy distribution of hot electrons becomes important

for various potential applications, among which is

the ‘fast igniter’ scheme[6] where it is proposed that

fast electrons generated by a short laser pulse could

be used to heat rapidly the core of a compressed

deuterium–tritium fuel pellet to ignition.

Usually, the hot electron energy distribution is

characterized by a Maxwell-like distribution with an

effective temperature following the simple scaling

law[7]

Th(keV) = a(Iλ2/1017Wµm2/cm2)
1

3
− 1

2 . (1)

For laser irradiance Iλ2 > 1018Wµm2/cm2, the expo-

nent is close to 1/2,[7] which reflects the change of the

laser absorption mechanism. For a long laser pulse,

the average energy of hot electrons is 〈ε〉 = 3Th/2

with a = 30, while for a short laser pulse, the electrons

mainly acquire energy in the direction perpendicular

to the target surface, with 〈ε〉 = Th/2 and a = 100.[8]

Obviously, the effective temperature of hot elec-

trons only depends on the laser intensity according to

Eq.(1). However, Wharton et al
[9] demonstrated for

the first time that the hot electron temperature de-

pends on the materials of targets at intensities above

1019 Wcm−2. Yu et al
[10] reported that the x-ray

yield and the hot electron temperature monotonically

increase with increasing laser intensity, but even at

higher intensity it still depends very little on the

atomic number Z of the target. Chen et al
[11] re-

ported that the laser absorption in metallic targets

is higher than that in dielectric targets, and thus re-

sults in higher hot electron temperature and more hot

electrons. Recently, Badziak et al
[12] reported that

using double-layer foil targets containing high-Z front

layer and low-Z hydrogen-rich back layer, instead of

commonly used single-layer targets, a considerable in-

crease in energies and flux of protons produced by an

ultrashort-pulse laser is possible, in which proton en-

ergies and flux current increase with the number Z of
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the high-Z layer. This can be attributed to the in-

crease of the number and/or the temperature of hot

electrons produced by the high-Z layer. Wharton,[9]

Yu,[10] Badziak,[12] obtained the hot electron tempera-

ture inferred from the slope of the continuum emission

x-ray spectra; they did not obtain it directly from hot

electron energy spectra, and did not give the increas-

ing level of hot electron either.

In this paper, we study the effects of atomic num-

ber Z on the energy distribution of hot electrons in the

interaction of 60fs, 130mJ, 800nm, and 7×1017W/cm2

laser pulses with metallic targets. We measure the en-

ergy spectra of hot electrons using the magnetic spec-

trometer and estimate the number and the effective

temperatures of hot electrons from various materials

of target.

2. Experiment setup

The experiments were carried out on a Table Top

Terawatt laser system at Laser Fusion Research Cen-

ter, China Academy of Engineering Physics. A 60fs,

800nm, and10 Hz repetition rate laser pulse with en-

ergies up to 300mJ was provided by a Ti: sapphire

laser system based on the chirped pulse amplifica-

tion (CPA) technique. The contrast ratio of the laser

pulses is about 1:10−6 at 1–2ns before the main pulse,

as measured with the auto-correlator.

In experiment a 40mm diameter (full width at

half maximum, FWHM) laser beam was focused, by

means of a f/5 off-axis parabolic mirror, on the metal-

lic targets at 45◦ incident angle with P polarization,

as illustrated schematically in Fig.1.

Fig.1. Schematic diagram of the experimental setup.

The energy irradiating on targets surface was

about 130mJ. The focal spot diameter (FWHM) mea-

sured in vacuum was about 20 µm. As shown in Fig.2

a typical result was obtained for focal spot measured

by pinhole fitted with an x-ray charge-coupled de-

vice (X-CCD) camera, giving a maximum intensity

of 7×1017W/cm2 on the targets.

Fig.2. The image of the focus of the incident laser. The fo-

cal spot diameter (FWHM) measured in vacuum is about

20µm.

The targets were 20 µm thick, 1×1cm2 Al, Cu,

and Ta foils. The target mount was controlled by

step-motors to ensure the laser pulses interacted with

a fresh target surface at each shot. The parabolic

mirror was controlled by other step-motors to focal-

ize the laser pulses. A long-focus microscope outside

the chamber was used to monitor the focal spot of the

laser pulses.

The energy spectra of hot electrons was mea-

sured by the magnetic spectrometer, fitted with a

permanent magnetic field of B = 0.06T. The en-

ergy range that the instrument covers was from 70

to 1250keV. The magnetic spectrometer was placed

perpendicular to the target surface (see Fig.1), and

the collection solid angle of the magnetic spectrom-

eter was about 1.55×10−3sr. An array of LiF ther-

moluminescent dosimeters (TLDs)[13] with a size of

3.2mm×3.2mm×0.38mm, which had been calibrated

using Cs137 γ-ray sources,[14] was used in the spec-

trometer to detect hot electrons. Because the LiF

TLDs are insensitive to visible light, it is not necessary

to use Al foils in front of the LiF TLDs.

3. Results and discussion

All the experimental results presented here are

obtained for laser incident on 20µm Al, Cu, and Ta

targets at an angle of 45◦ with respect to the target

normal without any prepulse.

In order to cut down the dose produced by the

background which includes the x-ray emission and
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the noise of TLD itself, a lead slab with a thick-

ness of 3mm, which can eliminate electrons with ener-

gies below 5MeV (maximal energy of hot electrons is

about 2MeV in our experiment), is placed in front

of the magnetic spectrometer entrance. Figure 3

gives the background fluence produced in this case.

It shows that the background fluence is less than

(6±0.42)×103keV−1cm−2 and is randomly distributed

against the energy of hot electrons.

In order to compare the energy distribution of hot

electrons from different materials of targets, the laser

parameters and the experimental conditions are con-

trolled carefully.

Figure 4 shows that the results of the energy spec-

tra of hot electrons produced from the Al, Cu, and Ta

targets after the background fluence is subtracted.

Fig.3. The fluence of LiF TLDs background by averaging

20 shots, when a lead slab of 3mm is placed in the front

of the magnetic spectrometer entrance.

Fig.4. Energy spectra of hot electrons produced from Al target (a), Cu target (b), and Ta target (c) by averaging

20 shots after the background fluence is subtracted. Fitted with Maxwellian distribution, the effective temperatures

are 192 ± 13keV, 197 ± 14keV, and 223 ± 16keV respectively. The numbers of hot electrons are about (9.76 ±

0.68) × 109/sr.shot, (1.20 ± 0.08) ×1010/sr.shot, and (1.52 ± 0.11) ×1010/sr.shot, respectively.

The fluence produced by hot electrons is about

1–4 orders larger than that of the background. It

is not necessary to take into consideration the ef-

fect of the background radiation. These energy spec-

tra are in Maxwell-like distribution and the peaks of

hot electrons spectra are about 200keV. Fitted with

Maxwell distribution, the effective temperatures are

about 192±13keV, 197±14keV, and 223±16keV, re-

spectively. The results show that the effective tem-

peratures of hot electrons are only weakly dependent

on the target materials, and there is no difference be-

tween Al and Cu targets as can be seen from the ex-

perimental error, which is consistent with Yu et al’s

results.[10]

According to the scaling law of hot electrons tem-

perature, under our experimental conditions, a short

laser pulse (τ = 60fs), with a = 100, Iλ2 = 4.48 ×

1017Wµm2/cm2 < 1018Wµm2/cm2, the exponent is
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close to 1/3, and then we have

Th = 100(Iλ2/1017Wµm2/cm2)1/3. (2)

Equation (2) gives the hot electron temperature

of 165keV, which is less than those inferred from the

energy spectra. Perhaps the reason is that Brunel-

type resonance absorption[15−17] could be excited at

the optimum incident angle (45◦).

In our experiment, the prepulse or pulse pedestal

of 4×1011W/cm2 is above the targets damage thresh-

old. According to Zhidkov et al’s simulation[2] with a

HYADES code, the prepulse or pulse pedestal can cre-

ate a density gradient L/λ ∼ 1 − 2 for the laser pulse

with I ∼ 1017W/cm
2
, τ < 100fs, λ = 780nm and the

contrast ratio of 1:10−6, which are similar to ours.

For an intermediate density gradient L/λ ∼ 1 − 2,

it is possible that the resonant absorption mechanism

is excited and the Brunel-type resonance absorption

plays a minor role. If the exponent is taken to be

1/2, then Eq.(2) gives the hot electron temperature of

212keV, which is more consistent with those inferred

from the experimental energy spectra. As mentioned

above, it reflects the change of the laser absorption

mechanism.

In order to further compare the differences of

the energy spectra of hot electrons produced from

the Al, Cu, and Ta targets, by integrating the en-

ergy spectra of hot electrons from 70 to 1250keV,

one can obtain the number of hot electrons with en-

ergy of 70–1250keV per solid angle averaged in a

shot, which is about (9.76±0.68)×109/sr.shot for Al

target, (1.20±0.08)×1010/sr.shot for Cu target, and

(1.52±0.11)×1010/sr.shot for Ta target. These re-

sults are consistent with that reported by Feurer et

at,[18] where the total number of hot electrons is about

109sr−1.

The conversion efficiency of laser energy to the en-

ergy of hot electrons can be deduced from the energy

spectra of hot electrons. Assuming that the distribu-

tion function of hot electrons is

f(Ee) =
dN

NdEeds
, (3)

where Ee is the energy of hot electrons, dN the num-

ber of hot electrons with energy Ee ∼ Ee + dEe, N

the total number of hot electrons, ds an differential

area. Since Φ = (dN/dEe)ds, which is the fluence of

hot electrons, we have

f(Ee) = Φ(Ee)/N ; (4)

and the total energy of hot electrons is expressed as

Ee0 = NĒe =

∫
Φ(Ee)EedEe, (5)

According to the formula (5), integrating the en-

ergy spectra of hot electrons from 70 to 1250keV,

one can conclude that the total energy of hot elec-

trons from the target normal is about (3.12 ± 0.22)

× 1013keV/sr.shot, (3.74 ± 0.26) × 1013keV/sr.shot,

and (5.19 ± 0.36) × 1013keV/sr.shot, for targets of

Al, Cu, and Ta respectively.

Assuming that the laser energy is EL, the conver-

sion efficiency of laser energy to energy of hot electrons

from the target normal is

η = Ee0/EL. (6)

Under our experimental conditions, the conver-

sion efficiencies of laser energy to the energy of hot

electrons escaping from the targets with energy of 70–

1250keV are approximately (3.82 ± 0.28)%/sr, (4.54

± 0.32)%/sr, and (6.37 ± 0.45)%/sr, for targets of Al,

Cu, and Ta respectively.

Zhidkov et al’s simulation[2] with a PIC code

showed that the maximal absorption rate could exceed

60%, while the overall absorption efficiency was about

25%. Schnürer et al’s[19] experimental results mea-

sured in the direction of the Al target normal showed

that the conversion efficiency of laser energy to the

energy of hot electrons was 52%. Our results are well

consistent with those of theirs when the isotropic hy-

pothesis of the angular distribution of hot electrons[19]

is used, but this hypothesis may bring on an over eval-

uation of the conversion efficiency.

The reason that the number and the effective tem-

perature of hot electrons increase with the atomic

number Z of metallic targets is attributed to the con-

ductivity of target materials.[20,21] Bond et al
[22] have

pointed out that conductivity plays an important role

in shielding the resistive electrostatic field via a return

current. The return current also serves as the primary

source of hot electrons in our experiment. Another dif-

ference among the target materials is the underdense

plasma produced by the amplified spontaneous emis-

sion (ASE) and prepulse in front of the target. Whar-

ton et al’s[9] 2D calculations with LASNEX showed a

larger separation between the regions of critical den-

sity and solid density in CH (40µm), as compared to

Al (22µm) and Cu (18µm). This difference is due

to the variation in the number of Z of targets, and

this will affect the intensity distribution of the laser
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through filamentation instabilities and relativistic self-

focusing.[23,24]

4. Conclusion

In summary, we have studied experimentally the

effects of atomic number Z on the energy distribution

of hot electrons generated by the interaction of 60fs,

130mJ, 800nm, and 7 × 1017W/cm2 laser pulses with

metallic targets. The energy spectra of hot electrons

are measured by a magnetic spectrometer. The num-

ber and the effective temperature of hot electrons from

various materials of targets are deduced from the en-

ergy spectra of the hot electrons. It is shown that the

number and the effective temperature of hot electrons

increase with the atomic number Z of the metallic

targets, and the temperature of hot electrons is in the

range of about 190–230keV, which is better consistent

with a scaling law of hot electron temperature.
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