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We report on a remarkable enhancement of high harmonic (HH) radiation emitted from the

interaction of an ultra-intense laser pulse with ultra-thin foils by a manipulation of foil pre-plasma

conditions. With a strong counter-propagating pre-pulse, we introduce a concerted expansion of the

ultrathin foil target, and this significantly raises the efficiency of the HH generation process. Our

experimental results show how the emission efficiency can be easily controlled by the intensity and

delay time of the pre-pulse. The results give an important insight into the high harmonic generation

process from solid dense plasmas when spatially limited. 1D particles in cell simulations confirm

our experimental findings and show a significant dependency of the HH emission efficiency on the

plasma density. The simplicity of the ultra-thin foil target and interaction geometry hold promise

for specifically compact realization of imaging experiments with ultra-short and bright extreme

ultra violet-pulses. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4999505]

High Harmonic (HH) radiation from intense laser pulse

and dense plasma surface interactions is a promising source

for brilliant coherent radiation with high photon energies and

numbers. Compared to HH from gaseous media, the genera-

tion mechanism of relativistic HH from electron oscillations

at solid-vacuum interfaces has no limitation in the driving

laser’s intensity. The high energetic cutoff of the emitted HH

radiation scales with the relativistic gamma factor of the

electrons’ oscillations in the field at the illuminated plasma

boundary.1,2 The gamma factor, as the emitted photon num-

ber, is a function of the laser intensity.2–4 The phenomenon

of HH generation is equivalent to the emission of a coherent

ultra-short light pulse once or twice per laser cycle with a

single pulse duration smaller than the half laser period. This

leads to the emission of an equally temporally spaced pulse

train of ultrashort pulses. First, approaches to isolate a single

as-pulse from the pulse train have been recently demon-

strated.5,6 For possible future applications, ultra-thin foil tar-

gets provide a simple setup that automatically and efficiently

blocks the transmission of the fundamental frequency with-

out major destruction of the temporal unique pulse

characteristics.7

HH generation with solid state bulk targets at relativistic

intensity is highly investigated.8–10 There are different under-

lying generation mechanisms: the emission from a plasmon

excitation, known as coherent wake emission (CWE),11,12 the

emission by the reflection from a relativistically oscillating

(plasma) mirror (ROM),2,4 and especially for foil targets a

coherent synchrotron radiation emission (CSE).1,3,7,13 Few

publications investigated the HH generation by using ultrathin

foil targets.1,3,14–17 For HH radiation detected in the laser

propagation direction behind the used target foil, the relativis-

tic mirror model cannot be adapted without further modifica-

tion.3 The CWE model theoretically bases on the Brunel-

absorption mechanism, leading to an electron bunch which

excites plasma waves in its wake when penetrating through

the plasma. These plasma waves can decay into coherent

radiation that depends on the local density. Here, the

maximum harmonic number is determined by the maximum

target density Nmax¼ xp=x, with the plasma frequency

xp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2ne=e0me

p
, where ne is the electron density, q the

elemental charge, e0 the dielectric constant for vacuum, x the

laser fundamental frequency, and me the electron mass. For

nonrelativistic intensities up to the relativistic limit and obli-

que incidence angles, CWE emission from either target front

side or inside the target or even a reemission from the target

backside has been reported.15,16,18 Nevertheless, for the laser

at a normal incidence angle at the target, the Brunel absorp-

tion mechanism is not valid without further assumptions, e.g.,

denting of the target surface.11,19 Hence, for the normal inci-

dence geometry and relativistic intensities, the HH emission

detected at the target rear side is usually explained by the CSE

model. In this model, electron micro-bunches are formed at

the plasma boundary, which experience high acceleration due

to a rapid oscillatory motion and are accompanied by

synchrotron-like emission of high frequency radiation. Due to

this collective relativistic electron phenomenon, ultra-short

high energetic and coherent light bursts are formed. Recent

publications investigated the HH emission with respect to par-

ticular plasma boundary conditions and demonstrated that the

efficiency of the ROM process8,9,20 and the CSE process1,7 is

enhanced for a scale length of the plasma density gradient

L> 0.5 kL, while the CWE harmonic emission is suppressed

for L> 0.01 kL:
11,12,15

In the following, we present that the HH-generation

efficiency can be significantly raised when ultrathin
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foils are manipulated by a concerted pre-plasma expansion.

Pre-heating the foil’s backside with a strong laser pulse

enlarges L and, for ultrathin foil, leads to overall expan-

sion.25 The reduction of the electron density has a significant

influence on the laser plasma interaction and electron

dynamics in the CSE process,1 as it also determines the

transmission characteristics. In general, radiation with a fre-

quency x > xp can be transmitted through the plasma.

Radiation with x < xp can penetrate the plasma in the order

of the skin depth ls, after which the field amplitude suffers

from an exponential decay. For ultrathin foils with thick-

nesses D  ls; a partial transmittance as function of the fre-

quency results. We now show that by manipulation of the

target density, a parametric optimum for the HH emission

efficiency can be reached and controllably aligned.

Experiments were performed with the 70 TW Ti:Sapphire

High Field Laser of the Max Born Institute. The laser system

delivered a laser pulse duration of about 35 fs at ultrahigh laser

contrast (1014).21 Figure 1 shows a schematic of the setup for

the two counter-propagating laser pulse experiment. We used a

beam splitter (75/25), and the resulting two pulses were

focused on a freestanding plastic foil. The stronger laser pulse

is named “drive pulse,” while the transmitted, weaker part is

referred to “P2 pulse.” The intensity of the drive pulse I(D) ¼
6  1019 W/cm2 was realized with a f/2 off axis parabolic mir-

ror (OAP) (focal diameter, 4lm; FWHM, 13% energy con-

tent). P2 passed a delay stage and was focused using a f/5.4

OAP (focal diameter, 30lm; FWHM, 10% energy content)

and reached an intensity up to IP ¼ 1018W/cm2. The experi-

ment allowed a spatial overlap of both laser pulses on the tar-

get of about610lm. The temporal overlap between both laser

pulses was determined within an uncertainty of 60.3 ps by a

plasma spark shadowgraph measurement. This uncertainty

introduces a possible constant offset of the temporal overlap

within the same experimental run. We detected the emitted

extreme ultra violet (XUV) radiation in the direction of the

drive pulse using a gold transmission grating with 1940 lines/

mm. The diffracted XUV-light was detected with a

Hamamatsu MCP, 100mm in diameter. For targets, we used

plastic foils [poly-vinyl-formal PVF, C5H7O2; density, 1.23 g/

cm3 (Ref. 22)] in the thickness range of 12–85 nm. The elec-

tron density of the fully ionized ultrathin foil is about

ne ¼ 220nc, where nc ¼ e0x2=q2 . In various measurements,

with solely using the drive pulse, high fluctuations in the HH

intensity of up to 50% were observed. Qualitatively

comparable spectra were obtained from different foil thick-

nesses. The maximum harmonic order ranged between 15 and

17, and harmonic lines in a higher energy range could not be

distinguished without ambiguities from the incoherent XUV

background. An example can be found in Figs. 2 and 3 for two

different foil thicknesses (35 and 85 nm). The displayed spectra

are not calibrated. Note that the detector’s efficiency has a non-

linear response dependent on the photon energy and could be

less sensitive than one order of magnitude for the spectral

range of >100 nm.23

When the target foil was preheated by the P2 pulse with

an intensity of about 0:3 1 1018 W/cm2 few ps before

the drive pulse arrived, we detected a significant and repro-

ducible enhancement in the HH intensity up to one order of

magnitude. This amplified HH emission sets in for a particu-

lar delay time and applied pre-pulse intensity. Figure 2

shows a direct comparison between a reference measurement

without and one with using the pre-pulse at the optimum

delay time. We excluded experimentally any HH emission

driven by the pre-pulse in the backward direction by apply-

ing the P2 pulse with circular field polarization6 or by a

direct measurement without the drive pulse. CWE emission

could set in for I> 1016W/cm2, and hence, the P2 pulse

could have been strong enough to drive CWE emission itself.

Since this was not the case here, this gives a strong indica-

tion that the CWE process is inhibited or highly suppressed

for normal incidence geometry. It can be seen in Fig. 2 that

for a spectral range above >100 nm, half integer harmonics

for either the unheated or heated case were detected, which

indicates a plasmonic involvement up to a certain frequency.

However, the CWE-like process as discussed in Ref. 16 is

clearly connected to the plasma frequency and should dis-

play a changed emission cutoff for an expanded foil, as in

addition, should be suppressed for an enlarged density

ramp.12 As shown in Fig. 2 and for even longer delay times

in Fig. 3, Nmax of the expanded foil is equal or even higher

FIG. 1. Setup for the two laser pulse experiment in a counter-propagating

geometry. The second, less intense laser pulse (orange) hits the targets back-
side at normal incidence. XUV radiation was detected in the propagation

direction of the stronger, drive (red) laser pulse.

FIG. 2. High harmonic radiation detected from the interaction between the

drive laser pulse (reference) with a 35 nm PVF foil and with pre-heating the

target with the P2 pulse at a delay of 1.7 ps. The spectrum was background

corrected concerning incoherent XUV radiation. The polarization for both

laser pulses was linear and perpendicular to each other.
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than the one obtained from the unheated foil. In the follow-

ing, our numerical simulation and discussion are therefore

based on the CSE model which was recently studied in detail

in Refs. 1 and 7.

Pre-heating significantly stabilized the HH emission

compared to the fluctuations in the reference signal.

Preheating of ultrathin foils leads to an expansion of the

plasma boundary with at least the sound speed of the ions of

about 106 m/s. Hence, such an expansion can decrease the

electron density of a fully ionized ultrathin foil by a factor of

almost one order of magnitude in a few ps. Since the inten-

sity of our pre-pulse reaches the onset of the Target Normal

Sheath Acceleration (TNSA) acceleration, the temporal and

spatial density evolution of the foil has to be considered

highly complex.

For the same laser intensities (drive and P2), the mea-

sured HH intensity changed with the delay time applied.

Table I gives the relative HH intensity enhancement for dif-

ferent delay times with respect to the reference measure-

ment. The detected spectra, as can be seen in Fig. 3, always

consist of coherent and incoherent XUV contents. In order to

show that the laser energy transforms for a particular pre-

plasma condition into coherent rather than into incoherent

radiation, a comparison of the contrast ratio of the HH

spectrum is given in Table I. For approximating the incoher-

ent content for the spectral distribution between 10–240 nm,

we used a measurement at lower laser contrast (cf. Fig. 3)

and linearly aligned it to each HH-measurement such that in

all HH-spectra, the plasma line at 16.9 nm exhibited the

same intensity. Table I gives the evaluated signal to noise

ratios (SNR) between this incoherent and the coherent spec-

tral content for various delay times of the P2 pulse. The con-

trast ratio is smaller or equal to the reference measurements

for various delay times, except for the optimum range. The

high SNR values in our optimum parametric range reveal a

higher conversion efficiency from the laser into coherent HH

emission. From this, we follow that simply an enhanced

transmission through the foil cannot explain the increase in

the HH intensity in the optimum parametric range. These

results confirm the theoretical work in Ref. 1 where an opti-

mum density and density profile for the CSE harmonic emis-

sion are predicted.

We approximated the energy content of the high har-

monic radiation by using a cross-calibration between the

used MCP-detector and an absolutely calibrated XUV-CCD

at the Al-Ledge. We extrapolated this calibration to the har-

monic line N¼ 9 by assuming an emission cone of 0.4 (Ref.
24) and a flat MCP-response between 17 and 90 nm.

Thereby, we estimated an energy content of about 107 J for

N¼ 9. Since the detector efficiency drops down for the low

energetic energy range, this number can give a first

impression.

The optimized regime is determined by the interplay

between delay time and the intensity of the pre-pulse. This is

shown in Fig. 3, where the highest HH emission was mea-

sured at different delay times when different pre-pulse inten-

sities were applied. The optimum regime is found at much

longer delay times, when the polarization of the pre-pulse

was changed to circular, since this probably decreases the

laser field amplitude by 0:51=2. As a proof of principle, we

applied the P2 pulse with a lower intensity (IP2) at linear

polarization and detected the optimum range at longer delay

times. These findings suggest a simple way to obtain a favor-

able density preparation of the target by making use of the

FIG. 3. Amplification for the pre-

manipulated plasma condition and

dependency on delay and intensity of

the P2 pulse. IP1 ¼ 1 1018 W/cm2,

IP2 ¼ 3 1017 W/cm2 at different

polarizations and an 85 nm PVF foil.

The measured incoherent plasma spec-

trum is plotted with a scaled intensity

in light purple in order to illustrate its

typical spectral distribution. The corre-

sponding signal to noise values are 2:1

(green), 3:1 (black), 0.8:1 (red), and

6:1 (blue).

TABLE I. Relative amplification and the signal to noise ratio of the inte-

grated HH signal.

Delaya IHH=Iref :
b SNRc

Reference 1 5:1

0.7 ps 1.3 3:1

1.0 ps 2.0 3:1

1.3 ps 2.7 4:1

1.7 ps 13.0 8:1

3.3 ps 3.0 4:1

aGives the delay time of the second laser pulse.
bIntegrated HH signal relative to the reference measurement, both for the

spectral range of 30–140 nm and without the incoherent XUV content.
cSignal to noise ratio (SNR) gives the ratio between the coherent and the

incoherent content for the corresponding measurement and the same spectral

range.
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expansion velocity as a function of the applied heating

intensity.

In order to test theoretically the influence of the HH

emission for an expanded target, we performed numerical

analysis in one dimension using the modified Lichter’s

Particle in Cell (LPIC) code.2 With using comparable param-

eters of the experimental setup from above, in the simulation

the laser interacted with a fully ionized carbon plasma. We

applied to different densities and thicknesses, both with a

rectangular density shape. Hence, in the first approach, we

investigated the impact of the target density, in contrast to

the scale length variation of the plasma density gradient in

Refs. 9, 12, and 20. In the simulation, the unheated plasma

was considered with an initial foil thickness of 35 nm and

ion densities of ni ¼ 33nc and ne ¼ 198nc and the expanded

target with ne ¼ 66nc and a thickness of 105 nm. The emitted

radiation from the single laser pulse interaction in the for-

ward direction of the laser pulse is shown in Fig. 4. This HH

radiation has passed the target foil, and similar to the experi-

mental results of former publications,3,14,18 the intensity of

the lower harmonic numbers is partly suppressed by the

opacity of the plasma.

In the case of the expanded plasma, the simulation deliv-

ered a significant increase in the HH radiation. Next to the

higher HH-intensity, the characteristics of intensity decay

with the harmonic number N changed. With our present

understanding, the foil expansions and thus density reduction

have a two-fold effect which needs to be further analyzed in

detail: The intense light field couples and interacts with more

electrons coherently as suggested in Refs. 1 and 7, and thus,

the HH emission is enhanced. Moreover, the foil expansion

allows complete electron excursions through the foil to be

driven in resonance with the light cycle. This transfers higher

energy into the electron ensemble, which also enhances the

HH emission. A simulation test with different density pro-

files showed no differences in emission scaling; eventually,

differences at low order HH emission are indicated. As a

future aim, an analytical approach will be developed in order

to obtain a parametric dependency between the plasma den-

sity and the collective oscillatory electron motion with sub-

sequent emission of EM radiation.

In conclusion, we demonstrated a significantly enhanced

HH emission from laser driven ultra-thin foils for a manipu-

lated pre-plasma condition. Due to a high intensity and ultra-

short duration of our counter-propagating heating laser, next

to an expansion of the foil boundary, a decrease in the foil’s

density has to be considered. We have shown experimentally

that by this method, the HH intensity at the foil rear side can

be increased more than one order of magnitude. The simula-

tion results confirmed a significant enhancement of the HH

intensity at the foil’s back side that can partially be attributed

to a higher transmission of the radiation through the plasma

and to the optimal density range for the electron bunch kine-

matics according the CSE model. Our results confirm an

optimal parametric plasma regime for CSE emission as pre-

dicted in Refs. 1 and 7 that can be easily prepared by the

intensity and delay time of the second laser pulse. This pre-

plasma condition needs a detailed study in upcoming experi-

mental and theoretical work. The experiments showed, to

our knowledge, for the first time, that it is possible to manip-

ulate the laser plasma interaction by such strong pre-pulses

and that this enables an overall density manipulation. This

promises a novel perspective to align important parameters

for the relativistic laser plasma interaction. Moreover, the

applied interaction and HH-generation setup is very compact

and also cost-effective, thus providing new possibilities for

imaging or probing experiments with bright, ultra-fast and

single shot XUV-pulses.
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