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Abstract: We present the isolation of single attosecond pulses for multi-cycle and few-cycle
laser pulses from high harmonic generation in overdense plasmas, calculated with particle-in-
cell simulations. By the combination of two laser pulses of equal amplitude and a small fre-
quency shift between them, we demonstrate that it is possible to shorten the region in which the
laser pulse is most intense, therefore restricting the generation of high harmonic orders in the
form of attosecond pulses to a narrower time window. The creation of this window is achieved
due to the combination of the laser pulse envelope and the slow oscillating wave obtained from
the coherent sum of the two pulses. A parametric scan, performed with particle-in-cell simula-
tions, reveals how the pulse isolation behaves for different input laser pulse lengths and which
are the optimal frequency shifts between the two laser pulses in each case, giving the conditions
for having a good isolation of an attosecond pulse when working with laser-plasma interaction
in overdense targets.
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1. Introduction

Attoscience is a very interesting field that has gained attention over the past decades. One of its
main areas of research is the generation of controllable ultrashort radiation sources [1-11] to
be used in different applications [11-17] or to study the nature of their generation [7, 8, 18-26].
These ultrashort sources are usually created through the interaction between an intense laser
pulse with a gas [1-3,11] or a solid [4-8, 11, 20-24, 27-29] medium, such that because of this
interaction integer multiples of the central laser wavelength are generated. This high harmonic
generation (HHG) occurs periodically during the laser field oscillations, being concentrated in
trains of ultrashort pulses. Via this mechanism it has been possible to obtain radiation sources
with widths in the tens and hundreds of attoseconds with a spectral content that extends beyond
the XUV [25-28, 30].

The generation of these pulses in gas or solid media relies on different mechanisms and
occurs for different regimes of laser intensity. In gas media HHG is generated due to a nonlinear
guantum process, in which the laser pulse interacts with the atoms and molecules in the medium
and the harmonic spectrum is carried in the transmitted field [1-3,11]. In solid media, typically
the pre-pulse or the front part of the laser pulse ionizes the solid surface, creating a plasma
with a high density that reflects the laser pulse. The rapid oscillations of the electrons over the
ion background, caused by the laser field, generate periodic bursts of radiation that appear as
attosecond pulses in the reflected field [4-8, 11,20-24,27-29]. In the case of solid targets, the
generation of these pulses is a relativistic effect [7, 8, 18-24]. Although gas harmonics have
been studied for a longer time and there is a greater knowledge about the process and how to
control it, there are several limitations that can be overcomed by using solid targets, namely the
possibility of using higher laser intensities and having higher harmonic cutoffs, being therefore
able to obtain more intense and more energetic ultrashort pulses using solid targets.

Attosecond pulses and their harmonic spectrum are generated periodically during the pulse
oscillations as trains of pulses. Some applications require the use of a single pulse [12-14],
therefore techniques to isolate a single ultrashort pulse have been developed over the years.
In solid media, the isolation techniques rely on several methods, namely: the intensity gating
method [30], based on the fact that the most intense ultrashort pulses are associated with the
most intense oscillations of the laser pulse; the polarization gating method [6,31-33], consisting
on the use of laser pulses with a time-dependent polarization state; the attosecond lighthouse
[34-36] that uses pulses with a tilted wavefront to generate each attosecond pulse of the train
in a different direction and therefore isolate them. In gas media there are similar mechanisms to
obtain also isolated attosecond pulses [37-39].

In this paper we propose a new method to obtain isolated attosecond pulses from laser-plasma



Research Article

Optics EXPRESS

interaction in overdense plasmas. It basically consists on the coherent combination of two laser
pulses with equal amplitude and a non-integer ratio between their central frequencies, such
that a beating pattern is formed in the resulting field. This is a well-known effect in frequency
synthesis. The coherent sum of the two pulses generates a slow oscillating component that, com-
bined with the pulse envelope, restricts the most intense region of the new pulse to a narrower
window than this at the original pulse, being able to reduce the number of pulses in the train,
even isolating one single pulse. Setups involving the coherent combination of more than one
pulse and forming a beating pattern have been already studied extensively as a mean to iso-
late single attosecond pulses in HHG using gas targets [40-44], where it is possible to achieve
isolated attosecond pulses very efficiently, even for multicycle laser pulses. In the case of laser-
plasma interaction using solid targets, the effect of the combination of multiple laser pulses
has been also studied, but to our knowledge never with the purpose and approach taken in this
paper [27-29, 45, 46].

2. Results

Let us consider two short pulses with frequencies w; and w», respectively, given by E; =
I(t) cos(w;t), where I(t) is the envelope function. The coherent sum of these two waves can be
written as:

E = E; +E = 2T(t)cos (%t)ccs (%t) )

This means that there is a fast and slow oscillating wave. The frequency of the slow oscillating
wave (w2 — wj) can be tuned, in combination with the pulse envelope I1(t), by varying the
frequency values, to create a beating pattern that yields to a narrower intense region. Figure 1
depicts several cases with different frequency shifts, using a gaussian envelope function given
by T(t) = e~42s@(/)* \We have used as principal wavelength of 1; = 800 nm (w; = 2n <)
and a Full Width Half Maximum (FWHM) of r = 20 fs.
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Fig. 1. Laser pulses obtained through the combination of two frequency shifted pulses of
(a) equal frequency, (b) a ratio of wy/wy = 1.2 and (C) a ratio wy /w1 = 3. The reference

wavelength is 11 = 800 nm and the FWHM is t = 20 fs. The x axis is in units of the laser
period, T.

It can be seen in Fig. 1(b) how the central and most intense part of the pulse becomes narrower
when the frequency shift between the two pulses is tuned properly. Therefore HHG will be
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favoured for this smaller window of time. If the frequency shift is higher, such as in Fig. 1(c),
fast oscillating corrections will be added to the original shape of the pulse, but the envelope of
the most intense peaks will remain unchanged, disappearing the small temporal window from
Fig. 1(b).

To check for the validity of this mechanism, we perform Particle-In-Cell (PIC) simulations
with the OSIRIS code [47-49]. The simulations are done in 1D using p-polarized pulses with
the boosted frame method [6,23,50], to simulate the angle of incidence of the beam without the
need of 2D simulations, more demanding computationally. The target is composed of electrons
and heavy ions with a number density of 100n.., where n.. is the critical density of the plasma.
We assume a steep density profile. The number of particles per cell is 200. The temporal and
spatial resolution of the simulation box are 0.0025/w and 0.005¢/w, respectively, where w is the
frequency of the laser pulse, with a wavelength of 2 = 800 nm. The laser pulses are initialized
inside the simulation box with a gaussian profile, a dimensionless amplitude of ag = 4 and an
angle of incidence of 45°. The simulation runs until the whole pulse is reflected, that is the
time that it would take it to return to its original position if the target would be a perfect mirror.
The train of attosecond pulses is obtained by performing the inverse Fourier transform to the
harmonic orders between the 57 and the 507" in the reflected field.

In order to study this mechanism and achieve an optimal configuration to produce the isola-
tion of one single pulse or a few ultrashort attosecond pulses, we have evaluated different ratios
between the central frequency of both laser pulses. Figure 2 displays the result obtained by prop-
erly tuning the frequency shift to a ratio of wy /w1 = 1.3. In this case, in which a laser pulse with
a FWHM of = 25 fs has been used, it leads to almost the isolation of a single attosecond pulse
in the filtered train of pulses. It can be seen clearly in the oscillations of the electron density
that the most intense oscillations, associated to the generation of the most intense pulses with a
higher frequency content, are confined into a shorter temporal window.

d)

2
2 100 2 10° 5
2102 40 2102 40
= 04 S 04
= 10 = 10
5 10° 5 10°
2 108 35 8 4108 35
a1 o 10 4
(7] 0 10 20 30 40 50 (%] 0 10 20 30 40 50
Harmonic order [w'1] 30 Harmonic order [u.)1] 30
—Incident field 25 —Incident field 25 3 —
——Filtered Pulses| E ——Filtered Pulses| E =
2 2 ]
|72}
’ b) = 20 ; e) £ 20 é

Relative intensity
o

Relative intensity
o

'
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o

0 -1 0
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Time [T] Position [A] Time [T] Position [A]

Fig. 2. Comparison of two simulations to depict the isolation of a single attosecond pulse
in the filtered pulse train. Both simulations are performed with two pulses of (a)-(c) equal
frequency and (d)-(f) a frequency ratio of wy/w; = 1.3. The comparison between the
reflected pulse trains in (b) and (e) and the electron density oscillations in (c) and (f) clearly
shows the narrowing of the HHG window.

Figure 2 proves that this method is able to shorten the pulse train substantially. Hence we
proceed to perform a proper parametric scan in order to unravel if there is an optimal frequency
ratio for pulse isolation, and the relation between the FWHM of the input pulse and the isolation
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efficiency. We assume as criteria to evaluate the goodness of our results the number of pulses
contained in the reflected train, as well as their intensity in relation to the most intense one. Let
us define the isolation efficiency (¢) as:

~Tie-y

where N > 1 represents the number of pulses in the train with a peak intensity 1, above 5%
of the maximum peak. If £ = 1 the isolation is perfect. Increasing the number of pulses in the
train or their relative intensity to the most intense pulse, provokes a decrease in & up to the limit
when the pulse cannot be regarded as isolated anymore (¢ ~ 0). This definition of the efficiency
permits us to obtain a low isolation efficiency both if there are few pulses in the train with a
high intensity in relation to the most intense pulse or if there are several pulses in the train with
a low relative intensity.

We have performed simulations for frequency ratios (w»/w1) between the values 1 and 2 and
for several FWHMs in between 5 fs and 55 fs. For each pulse width we have checked for the
frequency ratio that yields to the highest isolation efficiency and the corresponding efficiency.
Figure 3 shows the results obtained for input pulses with a FWHM of (a) 10 fs, (b) 25 fs and
(c) 40 fs. In the left column it is shown 2D maps that depict, for each frequency ratio, the pulse
train obtained over time (normalized to the maximum at each frequency ratio, for the sake of
visualization), these 2D maps demonstrate that the shape of the pulse train over time varies
for different frequency ratios. In the two columns on the right, the isolation efficiency and the
intensity of the most intense pulse in the train are shown, respectively, the former is plotted
to demonstrate quantitatively that the isolation efficiency varies with the frequency ratio and
the latter to show the normalization factor (the maximum intensity on the pulse train) for each
frequency ratio in the normalized 2D maps of the left column.

a
2 ) &%
2 #
3 Y i
~ 5 ¥
3 i
O§ ***
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Time [T] 3 | Ja?

max 0

Fig. 3. Results of the parametric scan for different pulse widths of (a) 10 fs, (b) 25 fs and
(c) 40 fs. In the left column it is displayed the train of pulses over time for each frequency
ratio. The signal is normalized to the most intense pulse in each frequency ratio. In the right
columns the isolation efficiency (¢) and the maximum intensity in the central pulse of the
train is depicted for each frequency ratio.

Figure 3 reveals several interesting features of this gating method. First of all, it is clear that
different isolation efficiencies can be obtained by tuning the frequency shift between the two
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pulses. The optimal ratio for isolation is shifted upwards as the pulse FWHM decreases. This
makes sense, because for a narrower envelope the “slow” frequency (w2 —w1) must be increased
in order to oscillate within the envelope width. Secondly, as the ratio between frequencies goes
beyond this optimal value, the oscillatory laser field peaks return to their original position with
high frequency corrections (as shown in Fig. 1(c)), causing the generation or more complex
dynamics at the plasma surface and the creation of pulse trains with several ultrashort pulses
in them, with a higher peak intensity, as it can be observed in Fig. 3 when the frequency ratio
approaches the value 2. It can be also noted that, as the FWHM of the pulse increases, the max-
imum isolation efficiency decreases, therefore establishing a limitation for this gating method.
On the other hand, if the pulse width is too low, the pulse envelope itself isolates a single attosec-
ond pulse, due to the existence of a few oscillations within the pulse width. In this case the use
of a gating method becomes pointless and high isolation efficiencies are achieved for several
frequency shifts. An example is shown in Fig. 3(a), where for a frequency ratio equal to the
unity (i.e. the pulse original shape), for a pulse with a FWHM of 10 fs, the isolation efficiency
is nearly the same as in the most optimal case for a pulse with a FWHM of 40 fs, as shown in
Fig. 3(c). It is clear that there is a frequency ratio for which the isolation is optimal, and that it
varies with the pulse width.

To further emphasize these results, we have also analyzed how the train of attosecond pulses
is changed by fixing a certain frequency ratio and varying the laser pulse FWHM. Figure 4
shows the incident laser field as well as the reflected train of pulses for two fixed frequency
ratios and two different values of the FWHM. It is clear from this Fig. that the optimal frequency
ratio varies for different pulse widths. In Fig. 4(a), in which a frequency ratio of 1.4 has been
used, it can be seen that the isolation is better for the width of 15 fs, in comparison with the case
in Fig. 4(b), in which a frequency ratio of 1.2 has been used, whereas the opposite occurs for
the pulse with a FWHM of 30 fs, in Figs. 4(c) and 4(d), where the isolation efficiency is higher

for aratio of 1.2.
b)
1 £=0.93 N £=0.68

—Inudent field
—Flltered Pulses

Relative intensity
o

c)

1 £=0.37 l £=0.58

-10 0 10
Time [T] Tlme [T

Relative intensity
o

Fig. 4. Trains of pulses generated for the mix of pulses with a frequency ratio of (a)-(c)
wr/w1 = 1.4 and (b)-(d) wy/w1 = 1.2. The pulses FWHM are (a)-(b) 15 fs and (c)-(d)
30 fs. The isolation efficiency is shown in the upper-right corner of each plot.

The 2D maps in the left column of Fig. 3 show an asymmetry in the pulse train in relation
to the location of the central pulse, this is more obvious in Figs. 3(b) and 3(c), where the train
of pulses is longer than in Fig. 3(a), and the central attosecond pulse does not get fully isolated,
even in the most optimal configuration. A variation of the carrier envelope phase (CEP) of
the input laser pulse could vary the shape of the train, contributing to an enhancement or a
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deterioration of the isolation efficiency. We have analyzed the effect of varying the CEP of the
input pulse from 0° to 360 for the most optimal ratio for two pulses with a FWHM of 25 fs
(w2/w1 = 1.3). Figure 5(a) shows a 2D map of the resulting pulse train for each CEP, normalized
to the maximum intensity at each CEP for the sake of visualization. A change in the global
phase of the input pulse affects the shape of the attosecond pulse train, as it is shown in Fig.
5(b). In this figure we can observe the isolation efficiency for each CEP, revealing how crucial
is to choose the CEP wisely. Increasing the CEP shows a decrease in the isolation efficiency
until a minimum is reached at a CEP of 130?, where it becomes almost zero. After this value,
the isolation efficiency increases again until achieving an approximately constant value in the
CEP range [260°, 360°]. The plots in Figs. 5(c) and 5(d) display the input laser pulse and the
obtained attosecond pulse train for the optimal isolation case with a CEP of 0° and for the less
optimal case at 130°. They have been included to highlight the shape of the input pulse and the
pulse train for different CEP. We can conclude that a good control over the CEP is needed to
guarantee the optimal isolation of the attosecond pulse.
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Fig. 5. Results obtained varying the CEP with a pulse of FWHM 7 = 25 fs and a frequency
ratio of wy/wy = 1.3. (a) A 2D map shows the temporal shape of the pulse train varying
the CEP, the signal is normalized to the most intense pulse for each CEP. The isolation
efficiency for each CEP is shown in (b). (c) and (d) show the input pulse (blue) and the
corresponding attosecond pulse train (red), both normalized to the unity, at (c) CEP = 0°
and (d) CEP = 130°.

To summarize the results obtained from the parametric scan, Fig. 6 shows the optimal fre-
quency ratio and the maximum isolation efficiency found for each FWHM. It depicts how as
the pulse FWHM increases, the frequency ratio for an optimal result decreases and the isolation
efficiency in the best scenario decreases as well, which establishes a limitation to isolate an
attosecond pulse with a given FWHM. Interestingly, this decrease slows down as the FWHM
increases, reaching a limit value for the frequency ratio of 1.2, while on the other hand the
isolation efficiency decreases as the FWHM increases, as expected.

3. Effect of pre-plasmas

In all previous simulations it has been used a steep plasma profile, in which density grows from
zero to the assumed solid density with a step-like function. In order to present a more realistic
approach, since the plasmas in solid targets are generated by pre-pulses of the main laser pulse
(much less intense and longer in time) or by the initial part of the laser pulse in the case of having
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Fig. 6. Frequency ratio (blue circles) for the optimal isolation and the associated isolation
efficiency (red squares) for each FWHM.

a good contrast, we analize the effect of the existence of a pre-plasma for the proposed gating
technique. In the case of having a pre-pulse, the electrons and ions generated by ionization at
the plasma surface will expand towards the vacuum before the main pulse arrives to the target,
generating a front density region in which the density grows smoothly. The existence of such
region strongly affects the laser-plasma interaction and its outcome, therefore unless a high
contrast laser pulse is considered, the pre-plasma is expected to affect the obtained results.

To adress the effect of pre-plasmas, we have chosen the optimal frequency setup for three
different pulse widths of 15, 20 and 25 fs, in this way we will be able to observe the effect of
the pre-plasma and if it is dependent on the pulse width. We have analized how the isolation
efficiency and the intensity of the most intense pulse change with the length of the pre-plasma
region. Figure 7 displays the effect of the existence of a pre-plasma in the (a) isolation efficiency
and (b) intensity of the most intense ultrashort pulse. We assume that the plasma density (n)
grows exponentially in the pre-plasma region, from zero to the solid density (ng) [8, 22, 30],
with a function of the form: n/ng = /28 &—xo+L)/L _ 1 \where x € [Xg — L, Xg]. The length
L is defined as the scale length.

a
10 )
w
=
o
c
(5} A i
Q05 e o 9 ¢
© o o o
) [u}
0
o a B
b
_ 15 . . ‘)
< O r=15fs
z 1f| [ 20t ) PO
@ T=25fs O . H o
< o
2 =) =
2 &
= 05
% A 4 0B
= O
0 0,2 0,4 0,6 0,8

Scale Length, L [A\]

Fig. 7. Effect of the pre-plasma on the gating technique displayed in the (a) isolation effi-
ciency and (b) intensity of the most intense pulse of the train. The frequency ratio is chosen
as the optimal one for each FWHM, that is wy /w1 = 1.4 for T = 15 fs and wy /w1 = 1.3 for
7 = {20, 25} fs.

Figure 7 depicts, for the three FWHM studied, that although the intensity of the central pulse
grows substantially for a group of scale lengths, the isolation efficiency lowers as the scale
length increases, which means that not only the most intense pulse is poorly isolated, but due
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to its increase in intensity, the accompaning pulses will be also more intense in absolute terms.
The isolation efficiency, in Fig. 7(a), experiences a decrease as soon as the pre-plasma is taken
into account, and it keeps approximately constant until it drops to zero. The maximum intensity
on the pulse train, in Fig. 7(b), experiences a similar trend, having a linear growth until an
scale length of 0.3 and a plateau for the rest of scale lengths, with a slight decrease for the
highest scale lengths evaluated. Both plots show two local maxima at the scale lengths of 0.32
and 0.64, respectively. This behaviour could be related to the fundamental processes of HHG
in overdense targets, since long pre-plasma regions change the balance between the different
absorption mechanisms and modify the particle dynamics at the plasma surface [7]. The growth
of approximately one order of magnitude of the peak intensity in the attosecond pulse train is
in agreement with previous results obtained by other authors, that show how the efficiency is
lower when the density has a steep profile than when there is a pre-plasma [7, 8]. These results
demonstrate that the existence of a pre-plasma region will be detrimental for the functioning of
this gating technique.

4. Conclusions

It has been proven that the combination of two laser pulses of equal amplitude and envelope,
with a properly tuned small frequency shift between them, creates a beating pattern that yields
to the isolation of a single attosecond pulse once high harmonic orders have been filtered in the
reflected field. This frequency gating works well for a wide range of FWHM below ~ 35 fs,
being able to isolate one or a few attosecond pulses. The experimental implementation of this
method would require a good control over the central frequency of the two pulses involved and
the carrier envelope phase, as it has been proven that it can affect the shape of the attosecond
pulse train substantially. The existence of pre-plasmas has been proven detrimental for this
gating techinque, therefore its optimal implementation would require the use of high contrast
laser pulses. Its impact could be interesting in comparison with other gating methods, being an
additional way to isolate attosecond pulses.
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