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Abstract: We report studies of high-order harmonic generation in laser-
produced manganese plasmas using sub-4-fs drive laser pulses. The 
measured spectra exhibit resonant enhancement of a small spectral region of 
about 2.5 eV width around the 31st harmonic (~50eV). The intensity 
contrast relative to the directly adjacent harmonics exceeds one order of 
magnitude. This finding is in sharp contrast to the results reported 
previously for multi-cycle laser pulses [Physical Review A 76, 023831 
(2007)]. Theoretical modelling suggests that the enhanced harmonic 
emission forms an isolated sub-femtosecond pulse. 
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1. Introduction 

The interaction of atoms with strong laser pulses causes the emission of coherent high-
frequency photons in the extreme ultraviolet (XUV) spectral range [1]. This process is known 
as high-order harmonic generation (HHG). HHG from gas-phase targets is usually explained 
in terms of the classical three-step recollision model [2], in which an electron wavepacket is 
launched into the continuum and accelerated by the strong electric field of the drive laser 
pulse before eventually recombining with the parent ion leading to the emission of an XUV 
photon. In the course of the ongoing efforts to enhance the low XUV harmonic intensities and 
to study fundamental aspects of HHG, alternative media such as molecules [3], microdroplets 
[4], and solids [5] have been employed. 

The present work focuses on HHG from transition metal plasmas [6]. These are very 
promising targets in view of the giant resonances found in the photoionization cross sections. 
For example, the Mn+ cross section is ~40 Mb at 50eV photon energy [7], whereas rare gas 
atoms have cross sections between 1 and 8 Mb at this photon energy [8]. Photorecombination 
- the third step in the recollision model - is the inverse process of photoionization [9] and 
therefore HHG and photoionization must exhibit the same resonances. This has been 
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confirmed not only by previous resonance-induced experiments with laser-produced transition 
metal plasmas but also in a recent study of HHG from xenon gas [10]. 

Resonance-induced enhancement of a single harmonic or, in some cases, a group of 
harmonics of the laser radiation allowed considerable improvement of harmonic efficiency in 
some specific XUV spectral ranges related with high oscillator strengths of ionic states of 
metals. This was confirmed in multiple studies following the initial observation of this 
phenomenon in indium plasma [11]. In particular, the strong enhancement of a single 
harmonic was reported in Cr [12], and Mn [13] plasmas. The Mn plasma is of special interest 
since it shows the highest harmonic cut-off energy observed in plasma plumes (101st 
harmonic [13]). In previous studies multi-cycle (30 [13] and 140 fs [14]) laser pulses were 
employed and the generation of all harmonics in the plateau was observed together with a 
strongly enhanced single harmonic. 

 

Fig. 1. Experimental setup for harmonic generation in plasma plumes. FP: femtosecond 
harmonic drive pulse, HP: picosecond heating pulse, A: aperture, HHGC: high-order harmonic 
generation chamber, FM: focussing mirror, L: focussing lens, T: target, P: plasma, XUVS: 
extreme ultraviolet spectrometer, FFG: flat field grating, MCP: microchannel plate and 
phosphor screen detector, CCD: CCD camera. 

Recent progress in the generation of few-cycle pulses allowed the observation of various 
new effects including the realisation of isolated attosecond-pulse generation in gas media [15–
17]. In this connection it is interesting to analyse resonance-induced processes observed in an 
ablation plume using the shortest available drive laser pulses. In this paper, we present the 
observation of resonance enhancement in manganese plasmas using sub-4-fs pulses. The most 
interesting feature observed in these experiments was the suppression of almost all 
neighbouring harmonics in the vicinity of a resonantly enhanced small spectral range of about 
2.5 eV bandwidth covering only a single harmonic at the photon energy of ~50 eV. We report 
HHG studies in Mn plasma at various pulse durations of the drive laser pulse (3.5−25 fs) and 
compare these results with those obtained using 40 fs pulses. Theoretical modelling suggests 
that the resonantly enhanced harmonic emission constitutes a near isolated sub-femtosecond 
pulse. We also analyse the influence of carrier envelope phase on the harmonics from 
manganese plasma and show some CEP-dependent pictures of Mn HHG spectra. 

2. Experimental setup 

Our Ti:sapphire laser (Femtolasers Produktions GmbH) provided pulses of 25 fs duration and 
energies of up to 0.8 mJ at a repetition rate of 1 kHz. These pulses were focused into a 1-m-
long differentially pumped hollow core fiber [18] (250 μm inner core diameter) filled with 
neon. The spectrally broadened pulses at the output of the fiber system were compressed by 
10 bounces of double-angle technology chirped mirrors (Ultrafast Innovations GmbH). A pair 
of fused silica wedges was used to fine tune the pulse compression. High-intensity few-cycle 
pulses (780 nm central wavelength, 0.2 mJ, 3.5 fs) were typically obtained in this system. The 
compressed pulses were characterized spatially and temporally to high precision with spatially 
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encoded arrangement for spectral shearing interferometry for direct electric field 
reconstruction (SEA-F-SPIDER) [19]. 

A part of the uncompressed radiation of the chirped pulse amplification Ti:sapphire laser 
(central wavelength 800 nm, pulse energy 120 μJ, pulse duration 8 ps, pulse repetition rate 1 
kHz) was split from the beam line prior to the laser compressor stage and was focused into the 
vacuum chamber to create a plasma on the manganese target (Fig. 1). The picosecond heating 
pulses were focused by a 400 mm focal length lens and created a plasma plume with a 
diameter of ~0.5 mm using an intensity on the target surface of Ips = 8 × 109 W cm−2. 

 

Fig. 2. Harmonic spectra from the silver plasma (upper curve) and manganese plasma (bottom 
curve). 

The femtosecond harmonic drive pulses were focused in a direction orthogonal to that of 
the heating pulse into the laser plasma using a 400 mm focal length spherical mirror. The 
delay between plasma initiation and femtosecond pulse propagation was set to 33 ns. The 
plasma plume and target were translated along the propagation axis of the femtosecond pulse, 
to analyse the conversion efficiency of harmonic generation at different focusing conditions. 
The position of the focus of the femtosecond pulse with respect to the plasma area was chosen 
to maximize the harmonic signal, and the intensity at the plasma area was estimated to be Ifs = 
6 × 1014 W cm−2. The generated harmonics were analysed by a XUV spectrometer consisting 
of a flat-field grating (1200 lines/mm, Hitachi) and a microchannel plate (Photonis USA, Inc.) 
coupled to a phosphor screen. The spatially resolved spectra of the generated harmonics were 
detected by a CCD camera [20]. 

3. Results and discussion 

The harmonic spectrum in the case of the manganese plasma was strikingly different 
compared with other plasma samples (for example Ag plasma) analysed in separate 
experiments. While all other samples studied showed a relatively featureless harmonic 
spectrum with extended cutoff (Fig. 2, upper curve showing the spectrum of harmonics 
generating in the silver plasma), the Mn plasma allowed the generation of a strong single 
harmonic substantially enhanced compared with neighbouring ones (Fig. 2, bottom curve). 

We note that in earlier work the harmonic spectra from manganese plasmas for 30 fs [13] 
and 140 fs [14] pulses also showed enhanced harmonics around 50 eV. The assumption of the 
resonance nature of the enhancement of harmonics of the ~800 nm radiation of Ti:sapphire 
lasers in this spectral region is supported by the presence of a strong giant resonance in the 
vicinity of 50 eV confirmed by experimental [7,21] and theoretical [22] studies. The 
enhancement of a single harmonic can be attributed to the broadband resonances of the ions of 
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few metals, such as V, In, Cd, Cr, Cd, and Mn. These “giant” resonances have been 
experimentally confirmed in the literature [7,21–23] and discussed recently in a few 
theoretical studies [24–28]. 

 

Fig. 3. Raw images of harmonic spectra from manganese plasma in the case of (a) 40 fs and (b) 
3.5 fs probe pulses obtained at the same intensity. (c) Raw images of harmonic spectra from 
Mn plasma at different pressures of neon in the hollow fiber obtained at the same energy of 
probe laser pulses. 

However, in previous studies using multi-cycle drive pulses, the intensity of the enhanced 
harmonics was only a few times higher than neighboring harmonic orders. We were able to 
reproduce this behavior in our current experiments using 40 fs pulses from another 
Ti:sapphire laser (KMLabs, Red Dragon) at similar intensity inside the laser plasma (4 × 1014 
W cm−2). The raw image of the harmonic spectrum presented in Fig. 3(a) shows several 
enhanced harmonics starting from the 31st order followed by an extended second plateau. The 
extension of the harmonic cutoff exceeding the 71st order is attributed to the involvement of 
doubly charged Mn ions as the sources of HHG. This feature of Mn plasma harmonics has 
already been reported earlier [13]. We also present a typical Mn harmonic spectrum in the 
case of 3.5 fs pulses (Fig. 3(b)). No second plateau, which was seen in the case of multi-cycle 
(40 fs) pulses, is observed for the few-cycle pulse. Most strikingly, is the observation of a 
single very strong, broadband (2.5 eV), 31st harmonic. Only two weak neighboring harmonics 
(around the strong emission) are seen in the 30−65 eV spectral range. The ratio between the 
intensities of the enhanced harmonic to the weak neighboring harmonics exceeds one order of 
magnitude. We note that at a lower intensity of the femtosecond pulse (<2 × 1014 W cm−2), the 
strong harmonic disappeared when using both multi- and few-cycle pulses. 
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Fig. 4. (a) Potential used for the numerical simulations. (b,c) Calculated HHG spectra using (b) 
a long (40 fs) pulse and (c) few-cycle pulses at different values of the CEP (φ = 0, π/4, and 
π/2). 

The distinctive structure of the harmonic spectra, both for 40 fs and 3.5 fs pulses clearly 
points to the involvement of Mn resonances centred around 50−51 eV. The same can be said 
about the photoionization or photoabsorption characteristics of Mn+ plasma, which is due to 
the ‘giant’ 3p → 3d resonance [7]. We analysed the laser polarization dependence of this 
emission and found that the 50 eV radiation abruptly disappears with the change of the 
polarization state of the femtosecond probe pulses from linear to circular, which is a clear 
signature of the emission being due to high harmonic generation. 

To analyse the effect of the spectro-temporal characteristics of the femtosecond radiation 
on the harmonic yield, we varied the pressure of neon in the hollow fiber system, thus 
changing the duration of the harmonic drive pulse [18]. The spectral and intensity variations 
of manganese harmonic spectra in the range of 22−62 eV as the functions of neon pressure in 
the hollow fiber are shown in Fig. 3(c). One can clearly see that, with change of pressure 
(from 1 to 2.3 bar), the single 31st harmonic intensity varies from almost zero to its maximum 
high value. A blue shift of the harmonics is also evident. Further increase of neon pressure up 
to 3 bar, at which the experiments with the 3.5 fs pulses were carried out, did not change the 
harmonic distribution. 

In the following we present the results of numerical simulations within a 1D model. We 
assumed that the main contribution to the resonant peak in the spectrum comes from Mn+ 
ions. Note that the ionisation potential of Mn2+ ions (33.7 eV) is more than twice higher than 
the ionisation potential of Mn+ ions (15.6 eV). We solved the time-dependent Schrödinger 
equation by means of the split-operator method [29]. The Mn+ target is modelled using a 
potential supporting a metastable state by a potential barrier [24,28]. The shape of the 
potential is (see Fig. 4(a)) 
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where a, b, c, d, and e are parameters. We choose them to be 1.672, 1.16, 0.216, 8.95 and 
0.63, respectively, so that the width of the resonance and the energy gap between the ground 
and the resonant states resemble the experimental data [7]. The metastable state of our model 
potential is at 51.8 eV above the ground state. The laser field is E(t) = E0 f(t) cos (ω0t + φ), 
where f(t) is the pulse envelope, φ denotes the carrier envelope phase (CEP) and ω0 is the 
laser frequency corresponding to the central wavelength λ = 760 nm. The laser intensity is I0 = 
4 × 1014 W cm−2. A CEP of φ = 0 means that the maximum of the envelope corresponds to a 
maximum of cos(ω0t). 

We calculated HHG spectra for pulse shapes with different lengths and for different values 
of φ (Figs. 4(b) and 4(c)). A sin2 envelope with a total length of 4 full cycles was used to 
model the 3.5 fs pulse, while an envelope with 4 cycles sin2 switch-on/off, 13 cycles of 
constant intensity and 21 cycles total duration was used to model the 40 fs case. The long 
pulse led to a HHG spectrum that shows well defined peaks at the odd harmonic orders and 
that is weakly dependent on the CEP (Fig. 4(b)). Figure 4c shows the dependence of the 
harmonic spectrum on the CEP in the case of the short, few-cycle pulse. In all cases, the 
resonance dominated the spectrum. The most intense emission occurs around 51 eV, where 
the metastable state is located. This enhancement has been explained in terms of a four-step 
model [24], according to which the recombination step is split into two steps: trapping of the 
returning electron in the metastable state followed by radiative transition into the ground state. 
An alternative view is that, according to the quantitative rescattering theory [30], the emission 
spectrum is proportional to the photoionization cross section, which exhibits a peak at the 
resonance energy. Note that the mechanism is different from the type of harmonic generation 
described in [31], where the initial state before ionization is already a superposition of ground 
and excited states. Some difference between harmonic spectra for φ = 0, π/4, and π/2 is found, 
though we note that the CEP dependence is strongest for the spectrum outside the region of 
the resonance. For random CEP the substructure of the spectrum will average out as 
confirmed by numerical averaging over 20 values of the CEP in the range from 0 to π. The 
shape of resonance peak depends on the CEP, and the case of φ = π/4 appears to be special 
since a dip due to trajectory interference seems to coincide with the resonance peak. 

The experiments described above were carried out without CEP stabilisation (that is, for 
random CEP values). We also carried out the HHG experiments with Mn plasma using 3.5 fs 
pulses with stabilized CEP (φ = 0 and π/2) and found some differences in that case (Fig. 5), in 
particular the variation of harmonic distribution observed for the lower order harmonics 
(compare the middle and bottom curves of Fig. 5; see also our following discussion). The 
spectral shapes of the 31st harmonic emission were approximately similar for these two fixed 
values of CEP, while a considerable difference in harmonic spectra was maintained when 
comparing to longer pulse duration and lower intensity of the driving pulses. Figure 5 shows 
measurements for 25 fs pulses (upper panel) and 3.5 fs pulses (middle and bottom panels) of 
the same energy. One can clearly see the absence of harmonic extension and resonance-
induced HHG in the case of low-intensity, 25 fs pulses, which has been reported in earlier 
studies of plasma harmonics from manganese ablation using low intensity pulses [13,14]. 
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Fig. 5. Experimental harmonic spectra generated from manganese plasma in the case of the 
absence of gas in the hollow fibre compressor (t = 25 fs) and random CEP (upper panel), and at 
3 bar pressure (t = 3.5 fs) at fixed CEP (φ = 0, middle panel; φ = π/2, bottom panel). 

In order to investigate temporal characteristics of the harmonic emission in our numerical 
simulations we performed a Gabor transformation [32]: 
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where a(τ) is the dipole acceleration from the simulation, σ is a parameter taken to be σ = 
1/(3ω0). The modulus squared, |G(ω,t)|2, is the time-frequency distribution. The temporal 
intensity profile of the XUV emission is calculated as the square of the time-dependent dipole 
acceleration after filtering out the photon energies below 1.2 a.u. (corresponding to 32.7 eV). 
In fact, the emission profile is not affected much by the filtering since the spectrum is strongly 
dominated by the resonance. The results are shown in Fig. 6. Comparing the short- and long-
pulse regimes, one can notice that, whereas in Figs. 6(b)–6(d) emission of the resonance 
occurs at the end of the few-cycle pulse, Fig. 6(a) shows that the resonance is repopulated and 
decaying each half cycle of the multi-cycle pulse. For the short pulse, the emission takes the 
form of a short burst confined to one or two half cycles of the driving laser field. In our few-
cycle pulse for the recollision following the last strong field peak the resonance is only 
weakly perturbed by the field. Thus the enhanced recombination associated with the 
resonance is largely confined to this last cycle. 

For most CEPs, the emission can be viewed as an isolated sub-fs XUV pulse if the pulse 
length is defined, in the usual way, as the full width at half maximum. This main emission 
burst is either preceded or followed by a small side peak. Similar emission profiles are found 
for three values of the CEP (0, π/4, and π/2, Figs. 6(b)–6(d)). The time of maximum emission 
varies in a range of less than 1 fs with CEP. Our calculations show that we usually get sub-
femtosecond XUV pulses or at least ~1 femtosecond XUV pulses, for different values of 
CEP. This is in sharp contrast with the usual strong CEP dependence of isolated attosecond 
pulse generation [17,33,34]. This suggests that resonance-induced HHG driven by few-cycle 
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pulses provides a route to isolated XUV attosecond pulse generation with reduced 
requirements for CEP stabilization. 

 

Fig. 6. Calculated results for HHG driven by (a) a long (40 fs) pulse with CEP φ = π/4 and (b-
d) few-cycle pulses with CEPs of (b) φ = 0, (c) φ = π/4, and (d) φ = π/2. The top panels show 
the HHG temporal intensity profile obtained as the square of the time-dependent dipole 
acceleration after high pass filtering above 32.7 eV. The middle panels show the time-
frequency diagrams. The red curves in the bottom panels show the time dependence of the 
electric field of the driving laser pulse. 

As it was pointed out, our experimental and theoretical studies of harmonic spectra from 
Mn plasma plumes showed some dependence on the carrier envelope phase of the driving, 
few-cycle pulses. In Fig. 5 it is evident that, when varying the CEP of the driving 3.5 fs pulse, 
the 30-40 eV region of the harmonic spectra is changed, with two additional peaks (19th and 
21st harmonics) appearing when the CEP varies from 0 to π/2 rad (middle and bottom panels). 
The structure of the enhanced spectral windows around the 31st harmonic modifies its shape, 
the shoulder shifting from the left to the right side of the main peak, and the overall FWHM 
also decreasing. Some CEP-induced changes in harmonic spectra are also confirmed by the 
simulations, which point out a different temporal structure of the isolated pulse for various 
CEP values (Fig. 6). Note that while the shape of the attosecond pulse changes with CEP, the 
emission time with respect to the IR driving pulse varies little. 

The fact that we did not observe a strong CEP dependence of the harmonic spectra in the 
case of 3.5 fs pulses could be attributed to the presence of a significant density of free 
electrons in the manganese plasma, which might diminish the difference between the HHG 
spectra recorded for different values of experimental CEP. The same can be said about other 
HHG experiments using silver and brass plasmas, which did not show significant differences 
in harmonic spectra when comparing few-cycle pulses with fixed and random CEP. We also 
carried out comparative studies with gas media under similar experimental conditions and 
found a characteristic strong dependence of the HHG spectra on the CEP. Thus the weak 
influence of the CEP on the harmonic pattern generated by few-cycle pulses from the ablation 
plumes appears to be a common feature of plasma HHG. 
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4. Conclusions 

In conclusion, we report the observation of harmonic spectra from manganese plasmas driven 
by 3.5 fs pulses, which are dominated by a single enhanced 31st harmonic at around 50 eV. 
The spectro-temporal experiments reveal the influence of the drive pulse duration on this 
process. Analysis of the harmonic energy tuning upon the variation of driving laser pulse 
duration controlled by change of gas pressure in the hollow fiber compression system show 
stabilization of the enhanced harmonic’s energy and wavelength, which we explain with 
resonance-induced enhancement at 51 eV. Our theoretical modelling suggests that the 
emission could constitute an isolated sub-femtosecond pulse. The observed weak CEP 
dependence might reduce the requirements for CEP stabilisation of the laser. The isolation of 
a single harmonic order without any filtering could also be useful for various applications 
where the coherent, short pulse XUV radiation is required, without the losses induced by 
spectral dispersion or filtering. 
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