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Spectra of optical harmonics 2 and 3/2 at subrelativistic laser-plasma

generation of X-ray radiation
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The dependence of the visible spectrum (harmonics 2 and 3/2) and the output of CuKα -alpha X-ray radiation on

the energy and duration of subrelativistic intensity femtosecond laser pulse acting on a copper foil is investigated.

It was found that for secondary radiation, the determining factor is the energy density, and not the intensity and

duration of the pulse. The power-law dependencies of the secondary output radiation on the duration and the pulse

energy have a significantly different indicator. The tendencies of changing the shape of the spectrum for regions

dominated by various mechanisms of plasma heating are revealed.
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Introduction

Ultra-short, spectrally bright pulses of X-ray radiation

(XR) are used for diffraction studies with femtosecond time

resolution in the pump-probe scheme [1,2], for example, to

study forced vibrations of crystal lattice [3], for radiography
impact on biological objects [4]. Such pulses can be

produced by irradiating solid targets with laser beams

of sub-relativistic intensities I ∼ 1016−1018 W/cm2 [5–8].
The cause of the appearance of characteristic X-ray ra-

diation [6,7] are hot electrons accelerated in the near-

surface plasma and returned to the solid part of the target.

The near-surface hot plasma is also a source of optical

harmonics [8] and other types of secondary radiation.

Harmonic generation (SHG — second, THG — three-

halves) is of interest not only as a radiation source, but

also as a diagnostic tool for processes occurring near the

target [9,10].

The spatial area in which the secondary radiation is

formed is determined by the concentration of the electrons

flying away from the surface n. The reference quantity is the

critical electron concentration ncr = ω2
0meε0/e2, where ω0—

the frequency of laser radiation, ε0 —vacuum permittivity,

me , e —mass and charge of electron. When a laser

beam (I ∼ 1015−1017 W/cm2) interacts with a target at an

angle of incidence θ > 0 in the area n = ncr cos
2 θ, the

laser pulse is reflected from the target, with closer to the

target in the area n = ncr, a mode of resonant absorption

of the laser field [11] having penetrated deep into such

a plasma occurs, corresponding to the transformation of

the longitudinal (along the density gradient) component

of the p-polarized electromagnetic wave into longitudinal

plasma waves. This regime is accompanied by Langmuir

oscillations at the laser frequency and the SHG appearance.

In the other area, where the electron concentration is

n = ncr/4, a two-plasmon decay process is observed: the

laser photon disintegrates into two plasmon with half the

frequency. In this case, another laser photon can scatter

on such a plasmon with the occurrence of THG [12],
indicating electronic plasma instabilities and inhomogeneous

extended plasma [10,13]. It is essential that this threshold in

intensity and laser pulse duration of the THG process can

be related to the
”
size“ of the plasma Le and the electron

temperature Te [14].

The predominance of one or another mechanism of

energy transfer E from the laser to the plasma is deter-

mined in part by its spatial scale of the electron density

gradient Le = ( 1
Ne

∂n
∂x )−1 [15], which can be increased in the

experiment by intensity, duration, contrast [5,16] (and thus

switch the heating mechanism). With a significant increase

in pulse duration τ , the parameter Le increases at the ex-

pense of the plasma dispersion time (characteristic velocity

v p ∼ 0.1−0.2 nm/fs). With contrast (CR) restriction, Le

also increases with the intensity of the incident pulse. Ac-

cording to [16] at CR = 7 · 107 for τ = 30 fs and intensities

I ∼ 3 · 1016, 0.7 · 1017, 0.7 · 1018 W/cm2 the characteristic

scale is found to be Le/λ ∼ 0.1, 1, 10, respectively, where

λ — is the laser radiation wavelength. For these variation

ranges of parameter Le/λ, the dominant mechanisms of

plasma heating in the sub-relativistic case are [17]: vacuum
heating [18] at Le/λ < 0.1, resonant absorption [11] at

Le/λ ∼ 1 (and in slanted incidence), inverse-bremsstrahlung

absorption [17] at Le/λ ≫ 1. Switching heating mechanisms

should affect not only the output of X-rays, but also

12 177



178 M.V. Chaschin, P.A. Shcheglov, A.A. Tausenev, M.M. Nazarov, V.M. Gordienko

101 100

D
u
ra

ti
o
n
, 
fs

100

1000

1

2

3

4

5
6

7
8

Energy, mJ

Resonant
absorption

Vacuum
heating

15

16 17

18

17

16

15

A B

C D

1510
1610
1710
1810

L/λ = 0.1
L/λ = 1
L/λ = 10

a b

Inverse-bremsstrahlung
absorption

Figure 1. (a) Experimental scheme: 1 — off-axis parabola, 2 — protective film, 3 — tape drive with target, 4 - filter, 5 — lens, 6 —
spectrometer, 7 — silicon crystal, 8 — PMT. (b). Measured points are displayed (black circles) as energy-time field, green asterisks —
edge of THG signal appearance. The characteristic points (values E and τ ), designated in blue circles as A, B, C, D, are presented

as spectra in Fig. 2, a, b, c, d, respectively. Inclined straight lines — lines of constant intensity (1015, 1016 . . . 1018 W/cm2). In areas with

different shading, one of the plasma heating processes dominates: inverse-bremsstrahlung absorption (green shading), resonance absorption
(red shading), vacuum heating (blue shading). Gray lines — approximate values of Le/λ = 0.1, 1, 10 levels for CR = 107 based on data

from [5,16,21].

the harmonic spectra, which are the most quickly and

reliably experimentally measured compared to other types

of secondary radiation from the target.

From the relative harmonic amplitudes [9,10], we can

estimate the actual intensity on the target [1], the radiation

contrast [19], and the plasma size [20]. This will allow real-

time optimization of the characteristic X-ray emission output

and correction of target deviations from the focus.

Therefore, the work has the following aims: 1) estab-

lishment of connection of the form of SHG, THG spectra

with the intensity on the target and with plasma heating

processes, 2) identification of the role of energy and

duration of the laser pulse in the generation of secondary

radiation (X-ray and optical harmonics) from a femtosecond

near-surface laser plasma.

Experiment

The source of the X-ray [6] radiation and harmonics

was the plasma generated on the surface of a continuously

renewed copper tape 10µm thick. The tape to be drawn

served as a target and was in a vacuum of 10−5 mbar.

The plasma was generated by oblique (45◦) incidence of

a p-polarized focused TiSa-laser beam from an amplifier

system [2,8] with broadband radiation λ = 800 ± 50 nm

(Fig. 1, a). The emission contrast CR was 107 (enhanced
spontaneous emission) on a time scale of 5 ps and sepa-

rately 105 for the selected femtosecond pre-pulse arriving

10 ns before than the main one. A blue filter (FSB37S,
Thorlabs) installed in front of the optical spectrometer

attenuates the fundamental frequency of the laser radiation

by 4 orders, but still passes it above the noise level in

the range up to λ < 830 nm. This made it possible in a

single spectrum measurement to obtain three harmonics

at once with their centers at the following wavelengths:

SHG — 400 nm, THG — 533 nm, pump — 800 nm, and

compare their amplitudes. Bragg diffraction on a silicon

〈111〉 [8] crystal was used to extract real-time characteristic

CuKα X-ray radiation from the bremsstrahlung background.

The energy of each diffracted pulse (following with a

frequency of 10Hz) was recorded by a photomultiplier

equipped with a NaI scintillator. The dependence of

secondary emission signals on the energy (E = 1−120mJ)
and duration (τ = 30−3000 fs) of laser pulses was studied

(Fig. 1, b).

The actual diameter of the focal spot on the tar-

get was Ø = 20µm, for the maximum energy in this

study E = 120mJ, this corresponds to energy den-

sity ED = E/S = 38 kJ/cm2 and at τ = 30 fs — inten-

sity I = E/(Sτ ) = 1.2 · 1018 W/cm2, where S = πØ2
/4 —

beam area. Let us compare 4 ultimate cases in duration

and energy (marked in Fig. 1, b, as A, B, C, D), from

the long-weak pulse with I ∼ 1015 W/cm2 (case A) to

the short-strong one with I ∼ 1018 W/cm2 (Case D). All
4 cases are on the edges of the area with the dominance

of the resonance absorption process and are adjacent to

the areas of other processes. In Case A (E = 5mJ,

τ = 1000 fs) we are also close to the area dominated by

the inverse-bremsstrahlung absorption mechanism, here, the

contribution from collision mechanisms of energy transfer

to the plasma is significant. In the other ultimate Case D

(E = 50mJ, τ = 30 fs), we approach relativistic heating
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Figure 2. Characteristic spectra in the areas A,B,C,D (black bold curves) marked in Fig. 1, b. Accordingly: a — long and weak pulse,

I ∼ 1015 W/cm2, ED = 1.5 kJ/cm2 , τ = 1000 fs; b — long and strong pulse, I ∼ 2 · 1016 W/cm2, ED = 25 kJ/cm2, τ = 1000 fs; c — short

and weak pulse τ = 30 fs (bold curve at I ∼ 4 · 1016 W/cm2, ED = 1.5 kJ/cm2), the dashed lines show changes in the spectrum as the

energy increases from 5 to 60mJ at τ = const; d — short and strong pulse ED = 25 kJ/cm2, the bold black curve at I ∼ 0.8 · 1018 W/cm2,

the colored curves show the spectrum changes at lower intensities by increasing τ from 30 to 2100 fs with the same E and ED.

mechanisms such as [ j × B ] [5,22]. It is assumed that

for the long pulse (τ > 3000 fs) the parameter Le/λ ≫ 1,

while for the short pulse (τ < 30 fs, I < 1016W/cm2)
Le/λ ≪ 1.

Results

At a short pulse and low energy (30 fs, 5mJ,

ED = 1.5 kJ/cm2), no THG is observed (Case C in Fig. 2).
The THG threshold is indicated by the green asterisks in

Fig. 1, b. Note that the THG process is more sensitive than

the SHG process to such a pumping parameter as duration.

At τ = 1 ps, THG was observed even for I = 1015 W/cm2

(Case A in Fig. 2). We also note the presence of Cu I atomic

copper emission lines at λ = 510, 515, 521 nm, observed

in our measurements only at I < 1015 W/cm2 i. e. at

Point A (Fig. 2, a), close to the inverse-bremsstrahlung

absorption area. As the energy density increases above

ED = 10 kJ/cm2, THG appears at any pulse duration, and

there is an increase in the ratio with SHG (Fig. 2, d and

Fig. 3, a). At the same time, the spectra of all three

harmonics slightly widen, and there is a slight shift to

the red band of the SHG and THG peaks (Fig. 2, c). As

the pulse duration increases, the SHG and THG spectra

acquire sharper edges and a lower background (Fig. 2, d),

and at τ > 1 ps
”
the top“ of the harmonic spectrum takes

on a double-hump shape (Fig. 2, b, d). In [19], such a

two-humped form of the THG spectrum has been used to

determine the temperature of the electrons Te . In addition,

a similar modification of the SHG spectrum was observed

in [1]. Note, that Points B and C (Fig. 1, b) are almost at

the same intensity ∼ 3 · 1016 W/cm2, but differ by an order

of magnitude in energy density (1.5 and 25 kJ/cm2). At

the same time, the secondary emission signals in Case B

are 1−2 order stronger than in Case C (Fig. 2, b, c), which

emphasizes the importance of the ED parameter, but not I .

As the measured quantity Yj ( j = SHG, THG, pump,

XR) is the energy of the corresponding pulse, for the
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Figure 3. Energy dependence of harmonics YSHG (SHG), YTHG (H32) and XR (Kα) on (a) energy (and synchronously changing energy

density at a fixed laser pulse duration of 30 fs); (b) from the laser pulse duration (and synchronously varying intensity at a fixed pumping

energy 50mJ). Points B, C, D are the attachments to the corresponding areas in Fig. 1, b.

harmonics case, it is the integral of the spectrum over

wavelengths 370−430 nm for SHG, 480−620 nm for THG,

750−830 nm for pump. The integration range is chosen

”
with a margin of “, but so as not to visually overlap with

the neighboring harmonic. The change in SHG magnitude

during energy and duration scanning can be represented as

YSHG ∼ E(1.6±0.2)/τ 0.2. The change in the exponent from 1.2

to 1.8 around E = 8−10mJ, τ = 30 fs observed in Fig. 3, a)
just corresponds to a change in the mechanism of vacuum

heating to resonance absorption (Fig. 1, b) by increasing

Le/λ with increasing energy and intensity.

In case of THG, the amplitude change is proportional

to YTHG ∼ E(3±0.2)/ f (τ ), and the dependence on f (τ ) is

non-monotone (Fig. 3, b). Pump (as long as the intensity

is below relativistic) depends linearly on E and does not

depend on τ : Ypump ∼ E . From the ratio of harmonic

amplitudes in practice, it is convenient to determine the

actual energy density on the target (for a fixed angle

of incidence, contrast and τ ). Under the conditions of

this experiment ED ∼ (15 kJ/cm2)(YTHG/YSHG)0.7, and also

ED ∼ (4 · 106 kJ/cm2)(YSHG/Ypump)
1.6. Note, that when the

incidence angle on the target was decreased from 45◦

to 15◦ by about 5 times, the ratio YTHG/YSHG the X-ray

yield for most energies and durations used also decreased,

confirming the predominance of the resonance absorption.

The qualitatively described above trends of changes in the

spectra were preserved, including for the plastic target.

As for XR, as for harmonics, the output of YXR

increases with increasing laser pulse intensity at differ-

ent
”
rates“ (degrees), depending on the way the inten-

sity is increased. When the intensity increases due to

growth E (and accordingly ED when τ = const, Fig. 3, a)
YXR ∼ x1.5, but when the intensity is increased by short-

ening the duration, when E = const, Fig. 3, b) YXR ∼ x0.2.

The output Kα can be described as YKα ∼ E1.5±0.2/τ 0.2.

At practice-optimal parameters found (τ = 200−300 fs,

E = 50−80mJ, ED = 15 kJ/cm2, I = 1017 W/cm2), the

yield of characteristic X-ray photons 5 · 108 photon/pulse·2π

is sufficient for applications, and high-energy bremsstrahlung

X-ray photons and accelerated electrons do not cause appre-

ciable noise to detectors. These conditions (requirement of

focus, optimal duration) are found by the ratio of harmonic

energies YSHG/YTHG ∼ 1 and Ypump/YSHG ∼ 103 .

Conclusions

The yield of secondary radiation from a femtosecond

laser plasma (characteristic XR, visible range harmonics)

is determined primarily by the energy density rather than

the intensity or duration of the pump pulse. Increasing

the duration of femtosecond laser pulses from 30 to 300 fs

practically does not attenuate the output of secondary

radiation in the intensity range from 1015 to 1018 W/cm2.

For τ = 30 fs, THG appears at ED > 2.5 kJ/cm2, is

compared in amplitude with SHG at ED ∼ 25 kJ/cm2,

slightly exceeds SHG with further increase in pump energy.

Significant dominance of THG over SHG occurs for pulses

with durations greater than 300 fs. Spectral splitting of

the SHG and THG peaks indicates a picosecond pulse

duration. The broadening and overlapping of the wings

of the harmonic spectra indicate an approach to relativistic

intensity, most noticeable is the broadening of the pump into

the blue band at 1018 W/cm2.

The differences in conversion between the different

modes (resonant absorption, vacuum heating) are reduced

to a change in the power density dependence index

by ∼ ±0.2. The characteristic scale Le/λ affects the shape

of the optical spectra, the position of the kinks of the power

dependences of the harmonic energies Yj(E, τ ) and requires

more systematic investigation for a number of incidence

angles and contrasts.
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