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Abstract. In search for more accurate, robust and reliable methods for plasma diagnostics and
control in magnetically confined fusion reactors, we study the properties and dynamic evolution
of plasma wake channels produced by relativistically intense laser pulses, which are capable of
expelling all electrons in their path, carving out a positively charged cavity. Scaled experiments
performed with the J-KAREN-P laser [1] show the formation of a plasma channel that is sev-
eral times longer than the laser’s Rayleigh length and whose life time is projected to exceed
100 nanoseconds in a cold low-density gas (< 10'*cm™3). Relativistic particle-in-cell simula-
tions are used to study such wake channels under tokamak conditions. Here, we present a brief
overview of the results obtained so far, showing long-lived wake channels in the cold plasma
limit, their insensitivity with respect to the laser wavelength [2], the emission of characteristic
THz radiation in the magnetized case, and preliminary results concerning the effect of thermal

motion, which becomes important on the nanosecond scale in a multi-keV fusion plasma.

1. Introduction

Existing methods for diagnostics and control are still insufficient to deal with the various
kinds of instabilities and collective dynamics that occur in magnetically confined fusion plas-
mas, and this issue may have a negative impact on the ITER and DEMO projects. Using scaled
laser experiments and numerical simulations, we are investigating whether short pulses (ps-fs)
of a high power laser (TW-PW) may be used to address this high-priority issue. The object of
interest is the electron-free positively charged plasma wake channel that is carved out by a laser
pulse with relativistic intensity, which is achieved when the normalized amplitude of the laser
satisfies ag ~ 1 [3]. Using the relativistic particle-in-cell (PIC) codes EPOCH [4] and REMP
[5], we simulate the long-time evolution of such wake channels in the presence of a strong mag-
netic field (~ 2T) and a high temperature (multi-keV) as is typical for present-day tokamaks,

where our predictions could be tested with existing high power laser technology.
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2. Real laser channels in unmagnetized cold gas Gas jet (n, ~ 10"...10**cm?)
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assume that the channel life time is inversely
proportional to the plasma frequency, @Wpe Tchannel = const., so that it scales with the electron
density as Tehannel < Me 1/ 2 This means that, in a cold gas whose density is 4 orders of magni-
tude lower, 10'3-10'*cm™3 as is typical for a tokamak plasma, the channel life time increases
hundredfold to at least Tchannet ~ 100ns. This is already close to the characteristic time scale

of magnetohydrodynamic (MHD) waves, such as fast magnetosonic and shear Alfvén waves,

which are involved in relaxation processes that regulate magnetized plasmas.

2. Insensitivity with respect to laser wavelength

On the basis of dimensionless scaling arguments, one may ask whether a laser with 100 times
longer wavelength would be needed under tokamak conditions to satisfy Aj,s/Ape = const., i.e
Mas < e 1/2 (related to the absorption rate). This would be problematic because relativistic
amplitudes (ag = 1) have only been achieved with laser systems that operate with wavelength
between 0.8 um (Ti:sapphire) and 10 m (CO,). Fortunately, our simulations indicate that there
exists a parameter window where the after-glow dynamics of the magnetized wake channels are
effectively independent of the laser wavelength. In particular, this is the case for highly subcrit-
ical electron densities ne /nei = a)ge / a)lzaser < 1 [2]. This insensitivity allows us to use existing
high power lasers in experiments, and it justifies the use of longer wavelengths in simulations,
which reduces the computational expenses (memory and time) to the point where long-time 3D

simulations become feasible [2]. This is important because charged particle dynamics are in-
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trinsically three-dimensional in the presence of a strong magnetic field, so that 2D simulations

can be used only for preliminary explorations and their results must be interpreted with care.

3. Characteristic radiation for plasma diagnostics
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the overall structure of the plasma wake ted by the magnetized wake channel (a) behind a rel-

channel with respect to the laser wave- ativistically intense laser pulse (arrow, apfc = 1) in a

length (discussed in the previous sec- deuterium plasma with background density ney = 3 X

: . . 1013 cm~3 and external tic field Bexy = 2T directed
tion), it was found in Ref. [2] that the and external magnetic field Bex, wrecte

bow waves and wake waves that form on along the x axis. (3D EPOCH simulation with scaled
laser wavelength Aj,s = 40 um [2].)

the 1-10ps time scale are strongly mod-

ified by the externally imposed magnetic field (here, 2 tesla along the laser path).

Although the sub-nanosecond dynamics of laser-induced wake channels are not expected to
have any significant effect on the stability of a tokamak plasma, the substantial charge separation
on the order of 100% that is caused by a relativistically intense laser pulse and the ensuing
strong plasma oscillations that are modified by the local magnetic field may be used for plasma
diagnostics. As an example, Fig. 2 shows the structure of the magnetized wake channel in terms
of (a) the perturbed electron density n. and (b) the axial component of the perturbed magnetic
field 8B, in the x-y plane (z = 0) of a 3D EPOCH simulation. In (a), one can see the electron-
free cavity (white area) as well as “singluar”” multi-flow cusps [6] with localized electron density
peaks reaching ne ~ 60 x 1013 cm™ = 20 X n¢g here (and even larger values with higher spatial
resolution). In (b), one can see that the magnetized wake contains a strong axial magnetic field
perturbation 8B, induced by the rapid gyration of charged particles around the channel axis.
The sign of 0B, alternates with a wavelength of about Ayke &~ 4 mm, which is consistent with
that of an upper-hybrid wave coyy = c(©g, + ©5,) 1/2 for the present plasma parameters [2].

Since these laser-induced fluctuations depend on the local strength of the external magnetic
field Bex via the cyclotron frequency wpe = eBexi/me and on the electron density ne via the

plasma frequency @y, it may be possible to infer the local values of these quantities by mea-

suring the radiation that is emitted from the wake channel due to the alternating v x B accel-
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eration. This radially propagating electromagnetic wave can be seen in Fig. 2(b) as diagonal
stripes emanating up- and downward. The emitted wave intensity in this simulation is about
Uy ' x 1073 T x 0.3V um~" = 24kWem™2 at a radial distance r = /)2 +z2 = 1 mm from the
channel axis. The signal intensity a few meters away would then be ~ 1073 Wcem™2, which is

easily measurable with a THz imaging system.
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flux of ions, which move at thermal speeds v, p ~ 0.5mm/ns on large gyroorbits with radii
PBD ~ Smm > d ., > ppe ~ 0.1 mm in a 3keV Maxwellian plasma magnetized with 2 tesla. Fig-
ure 3(a) shows that the channel would be eliminated within 1ns if there was no magnetic field,

whereas it remains robust on the nanosecond scale in the magnetized case shown in Fig. 3(b).

The effect of thermal motion on longer time scales (~ 10ns) is currently under investigation.
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