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One of the main constraints for reducing the temporal duration of attosecond pulses is the attochirp 
inherent to the process of high-order harmonic generation (HHG). Though the attochirp can be compensated 
in the extreme-ultraviolet using dispersive materials, this is unfeasible toward x-rays, where the shortest 
attosecond or even sub-attosecond pulses could be obtained. We theoretically demonstrate that HHG 
driven by a circularly polarized infrared pulse while assisted by an strong oscillating ultrafast intense 
magnetic field enables the generation of few-cycle Fourier-limited few attosecond pulses. In such a 
novel scenario, the magnetic field transversally confines the ionized electron during the HHG process, 
analogously to a nanowire trapping. Once the electron is ionized, the transverse electron dynamics is 
excited by the magnetic field, acting as a high-energy reservoir to be released in the form of phase-locked 
spectrally wide high-frequency harmonic radiation during the electron recollision with the parent ion. In 
addition, the transverse breathing dynamics of the electron wavepacket, introduced by the magnetic 
trapping, strongly modulates the recollision efficiency of the electronic trajectories, thus the attosecond 
pulse emissions. The aftermath is the possibility of producing high-frequency (hundreds of eV) attosecond 
isolated few-cycle pulses, almost Fourier limited. The isolated intense magnetic fields considered in our 
simulations, of tens of kT, can be produced in finite spatial volumes considering structured beams or 
stationary configurations of counter-propagating state-of-the-art multi-terawatt/petawatt lasers.

Introduction

Attosecond (as) pulses stand as one of the most robust tools to 
probe ultrafast electronic processes in matter [1–3]. The extension 
of pump-probe experiments to this timescale allows for time- 
resolved observation of electronic excitations [4,5]. They are also 
considered a main tool to understand, and ultimately control, 
charge migration in molecular systems [6], with huge implications 
for understanding the alteration of biological macromolecules 
[7], the development of more efficient photovoltaic systems [8], 
or more selective catalysts [9]. Though recent advances point to 
the full control of the generation of intense as pulses in free elec-
tron lasers [10,11], high-order harmonic generation (HHG) in 
gases stands as the most robust and coherent as source since their 
first generation in 2001 [4,12].

The origin of such success lies in the extreme coherence of 
HHG, which can be well understood by the semiclassical 3-step 
model [13]. When an intense infrared (IR) laser field interacts 
with a gas target, an electronic wavepacket is released from each 
atom or molecule. During its excursion through the contin-
uum, the detached electrons quiver synchronized with the field 
oscillations, acquiring kinetic energy. Upon recollision with 

the parent atoms, high-frequency harmonics are radiated, 
extending from the extreme-ultraviolet (EUV) toward the soft 
x-rays [14]. Two families of semiclassical electron paths—the 
so-called short and long trajectories according to their excur-
sion time [15]— contribute to the harmonic emission. Since the 
trajectories are ordered in time, depending on the instant of 
ionization, high-order harmonics are emitted at different times 
and, therefore, with chirp—positive (negative) for the short 
(long) trajectories. As a result, the higher-order harmonics can 
be synthesized into as pulses, whose chirp—known as attochirp 
[16,17]—limits their pulse duration. Indeed, the broadest HHG 
spectrum reported to date, extending from the EUV to 1.6 keV, 
though being able to support 2.5-as Fourier-limited pulses, was 
estimated to be emitted as a 3-order-of-magnitude longer pulse 
(1.2 fs) due to the attochirp [14].

In the macroscopic picture, the attochirp from the electronic 
trajectories is translated from the microscopic picture through 
the coherent addition of the HHG emission from the emitters 
in the target. Depending on phase-matching conditions, short 
or long trajectory contributions will prevail, though the first 
ones are typically more robust under harmonic propagation 
[14,16]. The positive attochirp of short trajectory contributions 
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(which are the most robust under macroscopic phase-matching 
[18]) can be compensated through the use of negative disper-
sive materials. For example, López-Martens et al. [19] com-
bined a 600-nm-thick Al film with spatial filtering to reach 
almost Fourier-transform-limited single-cycle 170-as pulses 
from a 0.8-μm driver field; Li et al. [20] used a 400-nm tin 
filter to reach 53-as pulses from two 1.8-μm driver fields; and 
Gaumnitz et al. [21] used a 100-nm-thick Zr filter to report the 
shortest attosecond pulse to date, 43 as, driven by a 1.8-μm 
laser field. However, such compensation is very limited when 
approaching the x-rays, where the use of dispersive materials 
is impractical. As a consequence, though HHG stands as the 
most robust tool to generate coherent spectra toward the soft 
x-rays, specially with the use of mid-IR drivers [14,22–24], the 
generation of shorter as pulses is strongly limited by their 
attochirp. As an alternative, several approaches have been con-
sidered modifying the HHG trajectories—and thus the high- 
order harmonic properties, including the attochirp—by shaping 
the driving field. Among them are the use of multicolor driv-
ings [25,26], the use of complex polarization schemes [27,28], 
the non-homogeneity of the field amplitude [29], the non- 
adiabaticity resulting from very intense laser fields [30], and 
the inclusion of static electric fields (E-fields) [31] or magnetic 
fields (B-fields). Indeed, up to now, the consideration of B-fields 
in the process of HHG has been limited to point out the rele-
vance of relativistic effects when using mid-IR drivers [32,33] 
or the use of static fields [34,35]. In the latter case, it was found 
that the transverse electronic spread during the continuum 
travel could be controlled, leading to more efficient emission 
for some harmonic orders when the ionized electron wave-
packet rescattered back against the parent ion in times multiple 
of the cyclotron period.

As we demonstrate in this article, the recent development of 
structured ultrahigh-power ultrafast laser beams [36–38] offers 
a unique opportunity to explore novel possibilities in HHG. While 
the electric fields associated with multi-terawatt or -petawatt lasers 
are typically well above the ionization saturation limit and, there-
fore, useless for HHG, the associated magnetic fields are strong 
enough to introduce substantial modifications of the electronic 
dynamics leading to harmonic generation. A relevant scenario 
for B-field-assisted HHG is, therefore, the combination of ultra- 
intense lasers together with the traditional infrared driving, in 
spatial regions where the ultraintense B-field can be found isolated 
from the associated E-field. There are several schemes that have 
proposed the generation of such intense B-fields, through the use 
of femtosecond relativistic interactions [39], plasma physics [40], 
or ultrafast azimuthally polarized vector beams [41–43]. An 
appealing scheme, considered in this article, consists in the use 
of 2 counter-propagating high-power laser beams, in which one 
can identify nodal regions in which the B-field amplitude domi-
nates (see Fig. 1A).

In this article, we identify a novel regime in which HHG 
assisted by intense isolated B-fields leads to the generation of 
near Fourier-limited attosecond pulses. We propose to drive 
HHG in an atomic gas by a moderately intense circularly polar-
ized laser beam, assisted by an intense B-field (see Fig. 1). In 
this scenario, the assisting B-field introduces a transverse trap-
ping to the dynamics of the ionized electron, i.e., efectively 
forming a quantum wire (QW) [44]. This transverse confine-
ment of the electron wavepacket introduces new characteristics 
to the HHG process. In the first place, it reduces the wavepacket 
lateral dispersion, enhancing the efficiency of the harmonic 

emission. In addition, it allows to populate high-energy vibra-
tional states in the transverse coordinate, forced by the circu-
larly polarized driving E-field, that serve as an energy reservoir 
to be released in the form of ultrahigh-frequency harmonic 
emission upon the rescattering of the electron with the parent 
ion. Finally, the lateral confinement restructures the electron 
density of states in the continuum into a set of discretized, 
equally spaced maxima, introducing a lateral breathing dynam-
ics in the electron wavepacket. We shall see that a proper control 
of these characteristics allows for the emission of almost Fourier- 
limited soft x-ray isolated few-cycle attosecond pulses. We 
remark that, while challenging, the scenario of B-field-assisted 
HHG is feasible with the state-of-the-art multi-terawatt/peta-
watt laser sources and the current strategies for B-field isolation 
using structured fields, or simple standing-wave geometries. In 
return, we foresee a breakthrough scenario in HHG assisted 
by structured petawatt laser beams, where chirp-free x-ray 
high-order harmonics can be obtained, opening the route 
toward Fourier-limited few-as pulses. We remark that while in 
this article we consider the nodes of an ultraintense counter- 
propagating laser as a possibility for finding spatial regions with 
isolated B-fields, other possibilities to induce intense magnetic 
fields [39–42], or alternative schemes in which a transient QW 
structure for the detached electrons is created, could provide 
similar results.

Materials and Methods
The combined driving laser field—circularly polarized E-field 
assisted by a linearly polarized B-field—is sketched in Fig. 1. 
First, we consider a moderately intense (peak intensity of 
1.6 ×1014 W/cm 2) circularly polarized driving field, �⃗E d(t), oscil-
lating at 0.8 μm wavelength in the x–z plane, and propagating 

Fig. 1. Scheme of HHG assisted by an intense B-field to generate near Fourier-limit 
attosecond pulses. (A) The assisting B-field is obtained from the use of 2 counter-
propagating high-power laser beams. At the nodes of the E-field, E⃗ a, the B-field, B⃗ a, 
reaches its maximum value (marked as gray boxes), and it can be considered as locally 
isolated from the E-field. (B) The proposed HHG scheme is driven by a moderately 
intense circularly polarized (CP) laser, ⃗E d, oscillating in the x–z plane and propagating 
in the y direction, assisted by the intense linearly polarized B-field, B⃗ a, oscillating 
in the z direction. The far-field harmonic emission detected along the y direction, 
composed of near Fourier-limited attosecond pulses, is dominated by the dipole 
radiation created at the E⃗ a nodes.
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in the y direction. Note that the corresponding B-field, �⃗B d(t)—
oscillating in the x–z plane—has a negligible effect in the elec-
tronic dynamics in our HHG configuration. Thus, the driving 
force is exerted mainly by the E-field and is given by

where E0 is the E-field amplitude, ω0d is its central frequency, 
and f (t) = sin2

(

�
t

�max

)

 is the temporal envelope function for 
0 ≤ t ≤ τmax, with τmax = 3/8τp being the total pulse duration. In 
the following results, τmax is 10.5 fs for the the driving E-field 
and the assisting B-field. Note that the circularly polarized state 
of a driving E-field is known to prevent the appearance of 
high-order harmonics [45] in the traditional scheme. However, 
here we propose to assist the process by an intense (2.8 × 104 T) 
linearly polarized B-field, oscillating at 187 THz in the z direc-
tion. Such B-field is found almost isolated at the E-field nodes 
of 2 linearly polarized counter-propagating intense (peak inten-
sity of 2.4 × 1018 W/cm2) laser beams, propagating in the ±x 
direction, and oscillating at λa=1.6μm wavelength.

Thus, the assisting B-field, �⃗B a(t), can be described as

where E0 is the B-field amplitude, �0a
 is the central frequency, 

and ϕa reflects the phase difference between �⃗E d and �⃗B a. 
Importantly, note that the harmonic emission is directed per-
pendicular to the plane defined by the local field polarization 
�⃗E a(t) + �⃗E d(t) and the gas jet. On the one hand, high harmon-
ics generated at the assisting E-field nodes will propagate 
preferentially in the same direction as the driving field, i.e., 
the y axis. On the other hand, harmonic radiation generated 
at locations where the assisting E-field dominates the driving 
will be directed preferably along the z axis. Therefore, the 
HHG signal produced at the nodes of the assisting E-field, 
which are the relevant for this study, can be separated spatially 
from other contributions. From now on, we will concentrate 
on the study of the far-field harmonic emission detected along 
the y axis, dominated by HHG driven by �⃗E d assisted by the 
isolated �⃗B a.

For simplicity, we test our ideas taking atomic hydrogen as 
target, though our conclusions could be extended to other noble 
gases. We consider a full 3-dimensional (3D) model for the 
hydrogen atom interacting with both fields, �⃗E d and �⃗B a, gov-
erned by the Time-Dependent Schrödinger Equation (TDSE) 
iℏ𝜕tΨ

(

r⃗ , t
)

= �H
(

r⃗ , t
)

Ψ
(

r⃗ , t
)

. The Hamiltonian for the elec-
tronic wavefunction, Ψ

(

r⃗ , t
)

, in a uniform magnetic field polar-
ized along the z axis [34,46] reads as:

where L̂z is the orbital angular momentum operator along the 
z direction, parallel to �⃗B a. Now, we add the interaction with 
the external driving E-field �⃗E d using the associated vector 
potential �⃗Ad = − c ∫ t

∞
dt

� �⃗E d

(

t�
)

, resulting in the following 
Hamiltonian:

The TDSE is solved using a finite differences scheme for the 
spatial derivatives, while the temporal evolution is carried using 
the Crank-Nicolson algorithm. We consider the hydrogen ground 
state as the initial wavefunction, obtained via imaginary time 
propagation. The simulations are carried using a 0.12–Å spatial 
and 0.75 as temporal resolution. The box size used is 12 × 12 × 
12 nm.

In order to give insight into the physics beyond HHG assisted 
by an intense, ultrafast B-field, we have developed a simplified 
model to explore the transverse dynamics of the ionized elec-
tron. For this, we consider the electron released in the contin-
uum at a particular ionization time, ti, with a wavefunction with 
the same transverse profile as that the atomic ground state. 
Following the philosophy of the Strong-Field Approximation 
[47–49], once ionized, the electron is considered free from the 
interaction with the parent atom. Thus, our model Hamiltonian 
for the ionized electron has the same form as that in Eq. 4, but 
neglecting the Coulomb term. In doing so, the Hamiltonian 
becomes separable in cartesian coordinates. The main ideas 
from our model can be drawn focusing into the transverse x 
component, as it contains the excitations triggered by both the 
assisting B-field and the x-component of the driving E-field. 
Indeed, the dynamics in the longitudinal z coordinate corre-
sponds to a quivering free electron, resulting from the interac-
tion with the z component of the driving E-field. This can be 
understood semiclassically in terms of electron returning tra-
jectories along the z axis. On the other hand, dynamics in the 
y direction is that of a parametric harmonic oscillator that 
induces low/medium energy excitations, therefore not relevant 
for ultrahigh HHG we are reporting in this study. Taking these 
considerations into account, we restrict our model to the solu-
tion of the 1D TDSE, for the free electron along the x coordinate 
under the Hamiltonian:

which describes transverse dynamics along the x axis as that of 
a free electron evolving under the influence of the x component 
of the driving field, and confined transversely by a parametric 
harmonic oscillator, whose time-dependent frequency is given by 

Ω(t) = Ω0

√

1 − cos

(

2�0a
t + 2�a

)

 with Ω0 = qB0∕2
√

2mec. 
Note that the Hamiltonian in Eq. 5 can be factorized into a trans-
versal harmonic oscillator with frequency Ω0 plus an also harmon-
 ic, transverse time-dependent interaction: Ĥ1D = Ĥho + V̂ int(t),  
with V̂ int(t) =

1

2
Ω2

0
cos

(

2�0a
t + 2�a

)

x2. The time evolution 
for the simplified model is solved using the Crank-Nicolson 
scheme in one dimension, and the spatial second derivatives are 
implemented using a finite difference method. The initial state in 
this case is assumed to have the same spatial profile as the hydro-
gen ground state, i.e., a decaying exponential ∼e−x/a0 where a0 is 
the Bohr radius. The spatial resolution for this simplified model 
is increased up to 0.02 Å as the computational requirements are 
less demanding than in the complete 3D calculations.

Results and Discussion
In this section, we first show our main results from the full 3D 
simulations, which demonstrate the generation of chirp-free, 
Fourier-limited attosecond pulses. In the Transverse wave-
packet dynamics section, we model the transverse dynamics of 

(1)�⃗E d(t) = E0f (t)e
i𝜔0d

t[
�⃗u x + i �⃗u z

]

+ c. c.

(2)�⃗B a(t) = B0f (t)e
i
(

𝜔0a
t+𝜙a

)

�⃗u z + c. c.

(3)�H0 =
�⃗p 2

2me

+
q2

8mec
2
B2a(t)

(

x2 + y2
)

−
q

2mec
B(t)�Lz −

q

r

(4)

(5)Ĥ1D=
1

2me

[

px−
q

c
Ad,x

(

t+ ti
)

]2

+
1

2
Ω2

(

t+ ti
)

x2 ,
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the ionized electron using Eq. 5. With this simplified model, 
we successfully explain the underlying physics of the chirp-free 
emission, which is corroborated through the analysis of the 
HHG spectrograms of our full 3D simulations. Finally, we 
explore the HHG spectra dependency with the assisting B-field 
amplitude and the relative phase between the driving E-field 
and the assisting B-field in the HHG dependency on the assist-
ing B-field amplitude and phase section.

Emission of chirp-free attosecond pulses
In Fig. 2A we present the resulting HHG spectrum of the full 
TDSE calculation, i.e., ruled by the Hamiltonian in Eq. 4 (orange 
line, E0 = 1.6×1014 W/cm 2, B0 = 2.8×104 T). We compare it with 
the HHG emission obtained from a linearly polarized driving 
E-field without the external B-field (blue line, same E0), which 
we will refer in the following as the standard HHG geometry.

Within the 3-step model, the cutoff energy for the stand-
ard geometry can be estimated by the well-known ℏωcutoff 
≈ Ip + 3.17Up law [15], where Ip is the ionization potential of the 
target and Up corresponds to the ponderomotive energy of the 
driving field. In the case presented in Fig. 2, the maximum pho-
ton energy is Ecutoff = 43 eV (27th harmonic order). It is impor-
tant to remark that if the driving E-field is circularly polarized, 
HHG emission is not possible in the absence of an external 
B-field due to the highly inefficient recollision between the 
detached electrons and the parent ions [45]. Remarkably, if the 
circularly polarized driving E-field is assisted by an intense iso-
lated B-field (orange line in Fig. 2A), not only HHG is efficient, 
but the harmonic spectrum shows a second, broader, plateau 
that extends to the 200th harmonic order (4 nm, 310 eV).

Here, it is important to remark that the primary cutoff could 
be extended already with intense E-fields like those associated 
with the assisting B-field we are considering. However, one of 
the most striking properties of this second plateau, beyond its 
broadness, is the absence of attochirp. Figure 2B presents the 
temporal HHG emission after filtering out harmonics below 
the 70th (orange line), reaching τFWHM = 27 as. Noticeably, the 
corresponding Fourier-limited pulse (green) presents τFWHM, 

FL = 21 as, which evidences that the second plateau is composed 

of chirp-free high-order harmonics. In addition, the as pulse 
is almost single cycle (the temporal period of the the central 
wavelength, 6.7 nm, is 22 as). The Fourier limit is obtained after 
taking the complex orange spectrum in Fig. 2A and consider-
ing a flat phase profile. Then, the Fourier transform of this 
modified spectrum yields the Fourier-limited attosecond pulse 
emission.

Transverse wavepacket dynamics
In order to understand the physics beyond the chirp-free har-
monic emission, we resort to the scattering model already intro-
duced in the Materials and Methods section. In Fig. 3A, we 
present the eigenstates of the Hamiltonian, Eq. 3, composed 
only by the atomic and the parabolic potential created at the 
assisting B-field maximum, without the interaction with the 
driving E-field. The B-field harmonic trapping structures the 
continuum eigenstates. The density of states (DOS), number of 
allowed states per energy range, for unbounded states is mod-
ulated into a series of peaks located around multiples of Ω0, the 
energy levels of the B-field induced harmonic trap, as shown in 
Fig. 3B. The resulting DOS clearly shows how the assisting 
B-field acts as a confining potential inducing a continuum 
restructuring of the states similar to QW, a nanostructure with 
2 confined dimensions, whose DOS is plotted with the solid 
oranges line in Fig. 3B [50].

Beyond the trapping potential from the mean B-field com-
ponent, its oscillatory behavior excites the low-lying states of 
the B-field harmonic oscillator. With a linearly polarized driv-
ing E-field, parallel to �⃗B a(t), the transverse dynamics result only 
from the B-field oscillation, limiting the number of harmonic 
oscillator excited states. The use of a circularly polarized driving 
E-field forces the transverse harmonic oscillator promoting the 
ionized electronic wavepacket to extremely high excited states, 
with a vast energy-level span. The large number of excited states 
in a harmonic oscillator results in a semiclassical wavepacket 
analogous to a squeezed coherent state [51]. During the recol-
lision, this high-energy excitation translates to an extended 
HHG spectrum, well beyond that obtained with a linearly 
polarized driving E-field.

Fig. 2. (A) HHG spectrum comparison between the standard scheme (blue line)—linearly polarized (LP) driver E-field without the assisting B-field—and the proposed scheme 
(orange line), with an assisting B-field of amplitude 2.8 × 104 T. The black arrow points out the classical cutoff energy 43 eV given by the 3-step model. (B) Attosecond pulse 
obtained by filtering out the HHG emission below 108 eV for the orange spectrum shown in (A). The pulse exhibits a 27-as FWHM duration, close to the 21-as Fourier limit. 
The pulse is centered at 6.7-nm wavelength (185 eV).
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In order to illustrate the wavepacket dynamics, we show in 
Fig. 3C and D its longitudinal and transverse temporal evolu-
tion. In the longitudinal direction (Fig. 3C), the relevant dynam-
ics is that of the mean wavepacket position and, therefore, it can 
be described using a classical trajectory for each ionization time. 
The trajectory that leads to the maximum kinetic energy at rec-
ollision is represented in green. In Fig. 3D we show the trans-
verse dynamics evolution obtained from our model. The mean 
position of the wavepacket follows a semiclassical trajectory, and 
the transverse magnetically controlled spread of the wavepacket 
results into a breathing mode that leads to a series of attosecond 
transient focusing. We can see how the focusing event of the 
wavepacket’s transverse component temporally coincides with 
the recollision event given by the classical quivering dynamics 
in the longitudinal direction, leading to the high-energy, chirp-
free attosecond pulse.

If the assisting B-field parameters are properly chosen, the 
transversal focusing of the wavefunction can be sychronized with 
an electron rescattering event, thus maximizing the efficiency of 
the harmonic generation at selected times. Figure 3D, where 

λa = 1.6 μm, shows an example of this parameter choice. We 
show in Fig. 3E and F the resulting wavepacket dynamics when 
using λa = 0.8 μm and λa = 1.8 μm, respectively. In these latter 
cases, the time of maximum transverse compression of the wave-
function is shifted, and both the harmonic emission and the 
maximum photon energy are substantially weaker (not shown). 
The effective rescattering and focusing events synchronization 
will depend not only on the field frequencies as already shown, 
but also on the phase and strength of the assisting B-field, as 
depicted hereunder.

Our conclusions from the one-dimensional model are cor-
roborated when looking at the time–frequency analysis of the 
full-calculation spectra shown in Fig. 2A. In Fig. 4 we show the 
spectrogram (also denoted as time–frequency analysis) of the 
harmonic emission obtained from (a) the linearly polarized 
driver E-field without the B-field, �⃗B a = 0, and (b) the circularly 
polarized driver E-field assisted by the B-field, �⃗B a. In the first 
case, the well-known short (long) trajectory contributions are 
clearly identified with the positive (negative) slope time– 
frequency structures, which reflect the presence of the positive 

Fig. 3. (A) Eigenenergies (green lines) obtained via diagonalization of the Hamiltonian composed by the assisting B-field harmonic oscillator and the atomic potential (dashed 

orange lines), along the eigenenergies for the harmonic oscillator Ĥho (dashed red lines) En = Ω0

(

n +
1

2

)

. (B) Number of states distribution in the electron continuum (blue 

bars). The distribution follows the density of states of a QW structure (orange line). The density of states (DOS) for the QW is given by DOS
(

E
)

=
(

E−En

2

)−1∕2

. (C) Longitudinal 

classical trajectories for the electron ionized at different times (orange lines). The most energetic trajectory at the ion rescattering is plotted in green. The gray line shows the 
longitudinal component of the driving E-field. (D) Wavepacket evolution in the transverse direction given by our 1D model, proposed in Eq. 5, under the action of the assisting 
B-field harmonic oscillator, with λa = 1.6 μm, and the driving E-field along the x direction. The wavepacket is assumed to be ionized at ti = 1.8 periods. The effect of the atomic 
potential is disregarded in this approximation. The focusing event happens almost at the same time as the recollision in the longitudinal oscillation direction, shown in panel 
(C). Panels (E) and (F) show similar results as in panel (D), but with λa = 0.8 μm and λa = 1.8 μm, respectively. In these latter cases, the transversal wavefunction compression 
does not coincide with the parent ion position (dashed gray line), and thus the harmonic emission and maximum photon energy are substantially reduced.
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(negative) attochirp [16,17,52]. However, the interplay of the 
circularly polarized driver field with the B-field results in a 
flat—no slope—time–frequency structure, indicating a chirp-
free harmonic emission. According to our interpretation, the 
absence of attochirp originates from the almost instantaneous 
increase of the HHG efficiency associated with the transverse 
wavefunction compression during the breathing cycle. In Fig. 
4C and D the corresponding attosecond pulses are shown 
(orange lines), together with their Fourier-limited emission 
(blue lines), reflecting how the assisting B-field reduces the 
chirp of the attosecond emission.

The time–frequency analysis in Fig. 4B shows the emission 
of an isolated attosecond pulse. This temporal isolated emission 
arises as only one maximum compression event is synchronized 
with HHG recollision through the interaction time. In other 
words, the generation of an isolated attosecond pulse is linked 
with the transverse harmonic dynamics introduced by the 
assisting B-field. As such, the cadence of the attosecond pulse 
production is half cycle of the assisting B-field. In the case 
depicted in Fig. 4B and D, the driving E-field and assisting 
B-field wavelengths of 0.8 μm and 1.6 μm, respectively, dictate 
the production of 1-as pulse every full period of the driving 
E-field. The short duration of the driving E-field pulse (3.6 fs 
full width at half maximum in intensity) restricts the emission 
to a single isolated attosecond pulse. Note that longer driving 

E-field and assisting B-field pulses result in a train of chirp-free 
attosecond pulses.

HHG dependency on the assisting B-field amplitude 
and phase
Finally, we present how the magnetically assisted HHG spectrum 
depends on the assisting B-field amplitude, B0, and phase, ϕa. On 
the one hand, in Fig. 5A, we present a scan of the HHG spectra 
where B0 is varied from 0 to 12 × 104 T, with a laser peak intensity 
of E2

0
= 1.6 × 1014 W/cm2 and the same phase between both 

fields, ϕa = 0. Interestingly, the spectrum enhancement is stronger 
for 2.5 × 104 T ≤ B0 ≤ 5 × 104 T and B0 ≥ 6.4 × 104 T, giving the 
broadest HHG spectrum at 2.8 × 104 T (which corresponds to 
that presented in Figs. 2 and 4B). The HHG spectra dependency 
with the assisting B-field amplitude can be explained by inspecting 
the lateral wavepacket dynamics given by the one- dimensional 
model. In Fig. 5B we present the transverse wavepacket dynamics 
for different values of the assisting B-field amplitude, lower and 
higher than the optimum value (B0 = 2.8 × 104 T). For the cases 
presented, neither the focusing nor the ion crossing are temporally 
synchronized and/or spatially overlapped with the longitudinal 
recollision event, shown in Fig. 3C. Only for B0 = 2.8 × 104 T (Fig. 
3D) do the maximum wavepacket compression and the recolli-
sion in the longitudinal quivering trajectories take place together, 
maximizing the emission and broadening the spectrum.

Fig. 4. Time–frequency comparison between the standard HHG scheme (A)—with a linearly polarized driving E-field and no assisting B-field—and the magnetically assisted 
HHG scheme (B)—with the circularly polarized driving E-field and linearly polarized assisting B-field. In the former case, there is a clear chirped emission reflecting the short 
(positive slope) and long (negative slope) trajectory contributions. In the latter case, the emission results in a flat, chirp-free, structure. These time–frequency analyses are 
obtained from the spectra shown in Fig. 2A. Panels (C) (linearly polarized driving E-field without assisting B-field) and (D) (circularly polarized driving E-field with the assisting 
B-field) show the corresponding attosecond pulse emission by filtering harmonic orders below the 20th order and 70th order, respectively. In both cases, the attosecond pulse 
is plotted in orange, whereas the Fourier-limited pulse is in blue.
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On the other hand, in Fig. 5C, we show the HHG spectrum 
dependency on the phase ϕa between the driving E-field and 
assisting B-field, for B0 = 2.8 × 104 T, and the same E-field used 
previously. The spectrum depends not only on the B-field ampli-
tude, but also on the relative phase, so the broad plateau is strongly 
damped for phases ϕa = nπ/4, with n odd integer. Relative phase 
variations between the driving E-field and the assisting B-field 
will result in displacements of the maximum compression event, 
as depicted in Fig. 5D. Only for ϕa = nπ/4 does the wavepacket 
maximum compression coincide with the recollision event, and 
it is spatially overlapped with the ion position, leading to the max-
imum process efficiency. For any other values of ϕa, there is a lack 
of temporal synchronization and/or spatial overlapping, resulting 
in an inefficient process and therefore the damped plateau.

A precise selection of the assisting B-field parameters is thus 
required to maximize the efficiency and broadness of the HHG 
spectrum. This fact is relevant for macroscopic phase- matching, 
as it means that only certain regularly spaced regions in the 
target would contribute efficiently to the second plateau emis-
sion. As such, the generation of chirped-free attosecond pulses 
is preserved in the macroscopic picture.

Conclusion
In conclusion, we introduce an HHG scheme where the interplay 
of a circularly polarized E-field driver and an intense, ultrafast 

linearly polarized B-field results in the generation of broad chirp-
free high-order harmonic radiation. The chirp-free emission 
allows the generation of almost Fourier-limited few-cycle atto-
second pulses. We have developed a simple physical model that 
shows how the B-field can be used to induce and control a trans-
verse electron breathing wavepacket dynamics, by restructuring 
the continuum into a form analogous to a QW trapping.

Our proposal reveals a new scenario where intense, multi- 
terawatt or -petawatt class lasers are used to assist HHG by 
modifiying the electron continuum structure. We demonstrate 
the possibility of producing soft x-ray few-cycle isolated atto-
second pulses near the Fourier limit.

This is particularly interesting in the soft x-rays, where 
traditional chirp compensation devices are highly inefficient. 
With the use of driving E-fields with longer, mid-infrared wave-
lengths [14,53–56], we foresee a unique opportunity to generate 
extremely broad chirp-free HHG spectra, with potential to reach 
few-cycle few-as, or even sub-as pulses.
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