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Terahertz Pulse Generation by Strongly Magnetized, Laser-Created Plasmas
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Relativistic interactions between ultraintense (>10'® W cm~2) laser pulses and magnetized underdense
plasmas are known to produce few-cycle Cerenkov wake radiation in the terahertz (THz) domain. Using
multidimensional particle-in-cell simulations, we demonstrate the possibility of generating high-field
(> 100 GV m~") THz bursts from helium gas plasmas embedded in strong (>100 T) magnetic fields
perpendicular to the laser path. We show that two criteria must be satisfied for efficient THz generation.
First, the plasma density should be adjusted to the laser pulse duration for a strong resonant excitation of the
electromagnetic plasma wake. Second, in order to mitigate the damping of the transverse wake component
across the density gradients at the plasma exit, the ratio of the relativistic electron cyclotron and plasma
frequencies must be chosen slightly above unity, but not too large, lest the wake be degraded. Such
conditions lead the outgoing THz wave to surpass in amplitude the electrostatic wakefield induced in a

similar, yet unmagnetized plasma.
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Terahertz (THz) radiation sources are employed in
many technological fields, including cancer detection
[1] and material identification [2]. Some rapidly emerging
applications specifically require high (~GVm™') field
strengths, e.g., to diagnose the dynamics of water mol-
ecules [3], induce rapid phase transitions [4], or for atom
probe tomography [5]. A standard technique to produce
relatively energetic (~10 uJ) THz pulses makes use of
laser optical rectification in nonlinear crystals [6].
Another consists of focusing two laser harmonics into a
gas plasma, leading to THz pulse energies up to ~0.2 mJ
with mid-IR laser drivers [7-9]. More energetic THz
bursts, approaching the mJ level, can be attained in
relativistic laser-matter interactions [10-13].

To further increase the efficiency of THz sources
using intense lasers, an external magnetic field may be
applied to gas targets [14-16]. For B-field strengths of
By ~10-100 T, the electron cyclotron frequency ., =
eBy/m, (m, is the electron mass and e the elementary
charge) lies in the 1-10 THz range, and thus directly
impacts the THz spectrum. While < 100 T B fields can be
readily produced [17-19], nondestructive electromagnetic
flux compression techniques [20,21] or kJ laser irradiation
of capacitor-coil targets [22,23] nowadays deliver nano-
second magnetic pulses at the 1000 T level, which can be
assumed static relative to the femtosecond timescales of
THz radiation.

Applying a B field parallel to the laser propagation axis
enables the THz emission spectrum and polarization state
to be tuned, yet with limited leverage on the energy yield
[15,16,24-28]. By contrast, a transversely magnetized
plasma can allow intense short pulses to resonantly excite
electromagnetic plasma wakefields [29], the transverse
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component of which can be transmitted into vacuum
through Cerenkov wake radiation (CWR) [14,30,31].
The wakefield then corresponds to the lower branch of
the extraordinary (XO) plasma mode, driven at near the
electron plasma frequency w,, = (n,e*/eym,)"? (n, is
the electron density and €, the vacuum permittivity). The
radiation frequency is determined by the resonance con-
dition w/k = V  cos 0, where V; ~ ¢ is the group velocity
of the laser driver, and @ and k are the frequency and wave
number of the XO mode propagating at an angle 0 relative
to the laser direction.

In the linear limit, this mode verifies the dispersion
relation k*c? = w* — w},(w* — 03,)/(w* — ®};), where
wy = (0%, + ®%,)"/? is the upper hybrid frequency. In
the relativistic regime, Hu et al. [32] derived a simple
relationship between the longitudinal (E,) and transverse
(E ) electric field components for a 1D plasma wake:

EL:bLaéEx, (1)

pe

where b =w./w, and &= x—ct. Validated against
particle-in-cell (PIC) simulations in the plasma blowout
regime at b < 1 [33], this formula supplies the expression

E. =bE (14 E2/2)(1 + E2/4)\/2, (2)

between the peak-to-peak longitudinal (£,) and transverse
(£) field amplitudes (£, = e&,/ m,w,,c), which recovers
the standard relation £, /€, = b in the linear limit [34].
An important practical issue is whether the transverse
wake component can be efficiently transmitted into the
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FIG. 1. (a) Damping coefficient (I') of the CWR through
a linear density down-ramp as a function of b, for different
values of the normalized gradient length L //lpe [35]. (b),(c),(d)
2D PIC simulations of the CWR induced by a laser pulse with
ag = 0.8 in a magnetized He plasma with n, = 1.11 x 10'® cm™3
(vpe = 10 THz). (b) On-axis lineouts of the longitudinal (E,)
wakefields (inside plasma) corresponding to panels (c) (blue
curve) and (d) (red curve). (c),(d) 2D maps of the transverse
(E,) THz fields when the laser has left the plasma: (c) By =
179 T (v., =5 THz, b =0.5); (d) By =537 T (v., = 15 THz,
b = 1.5). Black curves are lineouts of the THz E, fields, on axis
or at y = 200c/w,; green curves are computed from the on-axis
E, field using Eq. (1). Gray areas represent plasma electron
density profiles. Black dashed lines indicate the initial He density
profile with L = 95 um (L/4,, = 3). Electric fields are shown in
units of m,cwy/e ~3.21 x 102 Vm~'.

vacuum. In a realistic setting, the plasma-vacuum boundary
has a finite gradient length, typically larger than 4,, =
2nc/wp,, through which the excited wave may turn
evanescent between the lower and upper branches of the
local XO modes. Within linear theory, the damping
coefficient is given by I' =exp[— [Im(k)(x)dx] [14].
Taking w?}, - w?,(1 —x/L), one can compute I' as a
function of the magnetization parameter b and the nor-
malized density scale length L/4,,,, as plotted in Fig. 1(a).
It appears that damping only occurs for » < 1 and increases
with L (see also Supplemental Material [35]).

The above considerations suggest that operating at b > 1
values should enable the transverse component of the wake
to be dominant and fully transmitted outside the plasma.
Surprisingly, this strongly magnetized interaction regime
has never been investigated previously, except in Ref. [38],
which only addressed in situ properties of 1D wakes and
did not characterize the outgoing THz waves. In this Letter,
for the first time, we examine via multidimensional PIC
simulations the changes brought to the electromagnetic

wake and associated THz radiation driven by an
intense laser pulse in a strongly magnetized plasma.
We demonstrate that provided the resonance condition
for the wakefield excitation is satisfied, the outgoing THz
radiation is given a strong boost when b3 (1+a3/4)!/*
(ag = eEy/m,cw, is the dimensionless laser field strength
and w, the laser frequency), both in terms of THz wave
amplitude (>100 GV m™') and laser-to-THz energy con-
version efficiency (>1073). This optimum magnetization
range results from a tradeoff between efficient generation
and transmission of the transverse wakefield.

Simulations are performed with the PIC CALDER code
[11,39] that solves the relativistic Vlasov-Maxwell equa-
tions together with strong-field ionization [40] in 2D3V
geometry (2D in space and 3D in momentum). The
longitudinal (transverse) axis is set along x (resp. y), while
the laser pulse is linearly polarized in the (out-of-plane) z
direction. The laser pulse, of wavelength Ay =1 ym, is
Gaussian in space and time, with wy = 10.5 yum FWHM
transverse width, 75 = 35 fs FWHM duration, and a field
strength a in the range 0.8 < ay < 16. The round shape of
the pulse (c7y ~ wy ~ /ayc/w,,) favors wake excitation in
the blowout regime (ay > 1) [41]. In the laser’s comoving
coordinates (£ = x —ct, 7 =1t), the pulse maximum is
located at & = —300 ym. The pulse is focused into a
helium gas target with an electron plasma frequency lying
in therange 4 <v,, = w,,/27 < 10 THz at full ionization,
and a trapezoidal density profile with varying ramp
lengths (L). Open boundary conditions are used in all
directions for both particles and fields. A static and uniform
magnetic field §0 = BOZ), permeates the plasma, with field
strength By € (179,286,572) T corresponding to cyclo-
tron frequencies v., = w../2z € (5,8,16) THz. The THz
signal is extracted by Fourier filtering the E, field (i.e.,
the dominant component of the THz field, elliptically

polarized perpendicularly to k [35]) with an upper cutoff
frequency v,, = w,,/27 =90 THz.

We start by considering the weakly relativistic regime
(ap = 0.8) at the plasma frequency v,, = 10 THz and
density scale length L/1,, = 3. Figures 1(c) and 1(d)
display 2D maps of the transverse (E,) THz field for
two magnetization levels, shortly after the laser pulse
has left the plasma region (gray areas). For v., =5 THz
(b =0.5) [Fig. 1(c)], the E, wakefield reaches
~ 3 x 1073 m,wyc/e, i.e., about half the strength of the
E, wakefield component [compare the on-axis lineout of
E, and Fig. 1(b)]. It is significantly damped (I"~0.2)
across the down-ramp, albeit less than predicted by linear
theory [I"~ 1.4 x 1073, see Fig. 1(a)]. This behavior is
dramatically altered when raising the magnetization to
b = 1.5 [Fig. 1(d)]: the plasma wake becomes dominantly
transverse and its on-axis E, component, driven in the
plasma (¢ < —1200cwy') to 1.7 times the E, wakefield
amplitude, is now negligibly attenuated across the plasma
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boundary. Hence, a wave packet of ~10 GV m~! amplitude
is radiated into the vacuum.

Several other features are worth noting. First, the
longitudinal wake excited in the plasma turns strongly
anharmonic and fast-decaying for b > 1, as shown in
Fig. 1(b) and already reported in [38,42]. Moreover,
although our simulations are 2D, the dependence between
E | and E, is well captured by Hu’s 1D formula (1), both at
b =10.5 and b = 1.5 [43]. This is illustrated in Figs. 1(c)
and 1(d), in which the E, lineouts computed from Eq. (1)
(dashed green curves) along the plasma plateau reasonably
agree with their counterparts extracted from the simulations
(solid black curves). Lastly, the THz emission at b = 1.5
peaks at nonzero (~ &+ 16°) angles to the laser path,
resulting in the ~ 3.5m,cwy/e field maxima seen at y ~
+200c/wq in Fig. 1(b). This may originate from diffraction
due to the finite width of the plasma channel together with
the enhanced off-axis emission that is expected at higher b
values [35].

We now investigate the relativistic regime by increasing
the laser field strength to ay = 4. The nonlinear plasma
wakefield here takes on a sawtooth shape, causing the 0;E,
term of Eq. (1) to reach high local values. Figures 2(a)-2(d)
show the transverse THz fields driven in a He gas of fixed
electron density n, =7.94x 107 cm™ (v, = 8 THz),
rear-side gradient length L =200 um (L/4,, =5.34), and
subject to a B field characterized by v., = 8 THz (b = 1)
or 16 THz (b = 2). One can see that THz fields as strong
as ~0.12m,wyc/e (380 GVm™) and =~ 0.17m,wyc/e
(540 GVm™') are generated in the plasma when b = 1
and b = 2, respectively [Figs. 2(a) and 2(b)]. Again, their
on-axis profile is well reproduced by Eq. (1). For b =1, a
single-cycle pulse, located at £ ~ —550c¢/w, escapes from
the plasma with a ~ 0.02m,cw,/e amplitude. For b = 2,
by contrast, although diffraction causes the on-axis fields to
decrease, a train of twice stronger (=~ 0.05m,w(c/e) pulses
are emitted obliquely into vacuum [Fig. 2(d)].

Figures 2(e) and 2(f) display the spatial energy spectra
(integrated over the transverse wave number, k,) of the THz
pulses against k,, the longitudinal wave number. For b = 1,
the fundamental component prevails in the plasma, but
drops by 35% across the down ramp. This component also
prevails for b =2 and is even amplified when passing
through the ramp [see Fig. 3(a)].

The condition for efficient transmission of the transverse
wakefield thus appears to be more stringent at relativistic
laser intensity. This is ascribed to the increased inertia of
the plasma electrons oscillating in the large-amplitude
wakefield. The above findings, however, indicate that it
suffices to consider the fundamental frequency of the wake.
Since the plasma and cyclotron frequencies associated
with electrons of mean Lorentz factor y become w,./ /7
and w,, /7, respectively, substituting these expressions into
the dispersion relation of the XO mode gives the gener-
alized condition for full transmission, namely, b > \/37
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FIG.2. THz E, fields (a),(b) after 400 ym of propagation inside
the plasma and (c),(d) after crossing a 200 ym-long plasma
down-ramp, produced for ¢, = 4 in a magnetized He plasma with
n, =7.94x10" cm™ (v,, =8 THz). In (a),(b), black and
green curves plot on-axis lineouts of the simulated and recon-
structed THz E, fields using Eq. (1), respectively. Gray areas
represent electron density profiles. (e),(f) Spatial energy spectra
(integrated over the transverse wave number k,) vs longitudinal
wave number k,, after 400 ym of propagation inside the plasma
(blue dashed curves), after crossing a 200 ym-long plasma down-
ramp (black curves) or after crossing a sharp plasma-vacuum
boundary (green curves). Insets display the same spectra in log;,
scale. By is such that v, = 8 THz (b = 1 and b =0.67) in (a),
(c),(e) and v, = 16 THz (b =2 and b = 1.34) in (b),(d),(f).

An estimate for y can be obtained from Eq. (2) together
with £, = bp,/(1 = B,) = 2by* (B, = v,/c ~ 1 is the nor-
malized electron velocity) [32]. Combining these two
relations and approximating the longitudinal wakefield
by &, ~en, /apc/w,, = a,/agm,cw,,/e (ais an ad hoc
factor) [41] then yields y ~ /1 + a4a(% /8. Our simulations
confirm this scaling with a ~ 2'/4. Hence, the fundamental
component (@ ~w,,//y) of the CWR should freely
escape the plasma provided b = b/(1 +a3/4)"/* > 1.

To support this prediction, we have run several
simulations with varying plasma density, magnetiza-
tion, and ramp length. Figure 3(a) plots the time
evolution of the laser-to-THz energy conversion efficiency
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FIG. 3. (a) Laser-to-THz energy conversion efficiency

versus time for various v, and v,, values. Green, yellow,
pink curves: v, =v,, =8 THz. Red curves: v, =8 THz,
V,e =4 THz. Blue curves: v, = 16 THz, v,, = 8 THz. Gray
curve: v, = 16 THz, v,, = 4 THz. The laser field strength is
ay =4, except for the pink curve (ag = 0.4) and yellow curve
(ap = 16) in the inset. Solid, dotted, and dashed curves corre-
spond to L = 50 ym, L = 200 um, and L = 0 um, respectively.
In (a), the trapezoid represents the electron density profile seen by
the laser pulse. (b),(c),(d),(e) On-axis lineouts of the E, wake-
fields in the plasma channel with (solid) and without (dotted
curves) an external B field. The color code is the same as in (a).
(f),(g) On-axis lineouts of the E, fields inside the plasma
(colored) and transmitted to vacuum (black curves).

n= [|Emy,|*dxdy/ [|Ejuer|*dxdy, where Ery, denotes
the low-frequency E, field.

To start with, the inset of Fig. 3(a) visualizes, for v, =
Vpe and L = 50 um, the nonlinear dependence of 1 on a,.
A two orders of magnitude increase in 7 is obtained when
passing from ay = 0.4 to ay =4, which highlights the
benefit of using relativistic laser pulses. Note, however, the
clear decrease in the THz gain when ay = 16 (yellow
curve), indicating the existence of an optimum laser
intensity for given plasma parameters and pulse shape.

The best-performing setup is characterized by v,., =
16 THz and v, = 8 THz (i.e., b = 1.34, see blue curve),
which maximizes both the generation of the THz pulse
inside the plasma and, for L <50 ym, ensures its full
transmission into vacuum, with a final conversion effi-
ciency 5~ 2.2 x 1073, The corresponding E, and E, field

profiles are plotted in Figs. 3(e) and 3(g) after 400 ym of
propagation in the plasma. The E, wakefield becomes
degraded compared to that excited in the unmagnetized
plasma [dotted curve in Fig. 3(e)], and so the E_ wakefield
mainly consists of a single cycle [Fig. 3(g)]. The ratio of the
E, and E, amplitudes, &,/ ~ 4.4, is reasonably consis-
tent with the prediction of Eq. (2), i.e., £./&, ~ 3, taking
b =2 and £, = 0.85. Notably, the THz transverse field
greatly exceeds the longitudinal unmagnetized wakefield
[compare Figs. 3(e) and 3(g)], and this hierarchy still holds
after transmission into vacuum. For L = 200 ym (blue
dotted curve), the wakefield excitation is sustained in part
of the down-ramp, leading to the enhanced fundamental
component of the THz spectrum [Fig. 2(f)] and to a further
increase in the radiated THz energy.

Considering again a L = 50 pum (1.334,,) down-ramp,
lowering the cyclotron frequency to v,., = 8 THz (green
curve) weakens substantially both the generation (by
~ 55%) and transmission (by ~ 44%) of the THz wave
packet, and hence the final THz yield plummets to
76 x 107*. Attenuation across the down-ramp follows
from the effective magnetization parameter b = 0.67 drop-
ping below unity. As expected, changing the density scale
length to L = 5.344,, (dotted green curve) or O (dashed
green curve) results in similar or almost no damping,
respectively. Interestingly, Figs. 3(c) and 3(e) show that
the longitudinal wakefield excited in the plasma is stronger
atv,., = 8 THz than at v., = 16 THz. However, in light of
Eq. (2), this enhanced E, wakefield does not compensate
for the decrease in b, thereby diminishing the transmitted
THz energy.

The red curve, associated with v, =8 THz and
V,e = 4 THz, depicts another highly magnetized configu-

ration (b = 1.34), but at reduced plasma density. Compared
to the previous case, the larger magnetization only partly
makes up for the weakened (by a factor of ~2-3) E,
wakefield that logically follows from the density decrease
[Fig. 3(b)]. Yet the THz yield is fully transmitted as b>1,
and it approximately coincides with that achieved in the
previous configuration. Notably, the radiation efficiency
rises up to n =~ 1.5 x 1073 over 1.6 mm-long plasmas, due
to cumulated lateral emissions [35]. Also, doubling the
B-field strength (v, = 16 THz) while keeping v,, =
4 THz (b = 2.67) further impairs the longitudinal wake-
field [Fig. 3(d)], but the effect of this degradation on the
fully transmitted THz field is counterbalanced by a higher
E./&, ratio, giving the same final conversion efficiency
[see gray and red curves in Fig. 3(a)].

Similar conclusions hold when the laser field is
further intensified to ay=16. At v. =v,, =8 THz,
the THz E, field is then about twice stronger than the
E, field [Fig. 3(f)], again fairly consistent with Eq. (2),
while the THz pulse energy is fully transmitted through the
boundary, due to the shortened effective gradient length
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L/\/7Ape < 1. Yet the wakefield is driven far from the
matching conditions [41] because the plasma density is
kept constant, causing the conversion efficiency to dra-
matically drop (yellow curve in the inset).

In summary, our numerical simulations have revealed
that laser-induced THz emissions from magnetized
gas plasmas can be strongly enhanced when the ratio of
the electron cyclotron to plasma frequencies verifies
Vee/Vpe 2 (1 + a3 /4)"/*. This criterion ensures that the
transverse component of the excited wakefield dominates
its longitudinal component and is fully transmitted
into vacuum. Provided the condition of resonant
wakefield excitation is approximately fulfilled, THz field
strengths beyond 100 GV m~! are predicted when focusing
~10" W cm™ femtosecond laser pulses into gas plasmas
subject to > 100 T uniform B fields. These findings are of
prime interest for the development of ultrahigh THz field
sources and related applications.

The data that support the results of this study are
available within the present Letter. Complementary data
can be made available from the corresponding authors upon
reasonable request.
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