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Abstract. In laser-plasma interaction, there are physical mechanisms, such as quantum beam
generation, relativistic self-focusing of laser pulses, frequency blueshift of laser pulses, etc. Long
plasma channel formation via self-focusing is an important mechanism for generating a stable
electron beam. The frequency blueshift changes the critical power of the self-focusing. The
plasma channel is limited by the change of the power. The limit of the channel causes a fixed
blueshift of the laser pulse.

1. Introduction

Laser-plasma interaction includes a lot of physics, such as quantum beam generation, laser self-
focusing, frequency shift, etc. Laser WakeField Acceleration (LWFA) [1], which is based on the
effect of plasma wave excitation in the wake of an intense laser pulse, is now regarded as a basis
for the next-generation of charged particle accelerators. Electron bunches have been accelerated
up to 1 GeV by LWFA [2, 3]. In experiments, it has been demonstrated that LWFA is capable
of generating electron bunches with high quality [4, 5, 6, 7, 8].

In order to generate a bunch with high quality, required for applications, the electrons should
be duly injected into the wakefield and this injection should be controllable. The injection can
happen spontaneously, due to a longitudinal or transverse break of the wake wave, caused by
its strong nonlinearity [9, 10, 11] and with cluster-gas targets [12]. This regime leads to the
acceleration of fast particles, although in an uncontrolled way. Recently we generated a stable
electron beam by using an Argon and Nitrogen gas target in the self-injection scheme [15, 16]. In
the scheme of self-injection, the long channel improves the stability of the electron beam energy,
pointing, and divergence.

On the other hand, in laser-plasma interactions, there is a phenomenon of blueshifting of
the laser pulse. The frequency blueshift has two mechanisms, which are ionization blueshift
[17, 18, 19] and photon acceleration [20, 21]. The ionization blueshift occurs due to a frequency
shift at the boundary between neutral gas and plasma. It occurs in an ionization front. The
ionization blueshift is independent of the interaction length and the laser intensity. Photon
acceleration is a frequency blueshift in a plasma wake wave. The shift depends on the interaction
length, the plasma density, and the laser intensity. From experimental results, a fixed blueshift
has been observed [17]. When the target gas is changed, the parameters of ionization should
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change. Nevertheless, the spectrum of the transmitted laser light was the same, even though
the target gases were different.

In addition, relativistic self-focusing is one of the important physics for laser-plasma
interaction [22]. When the laser power is high enough, the laser pulse self-focuses. The critical
power, P.., is Py = 16.2(wo/wp)? [GW], where w, = (47mn.e?/m.)"/? is the plasma frequency,
wp is the laser frequency, and n. is the plasma density. The self-focusing is related to n. and
wp. The plasma channel is produced in a balance between focusing and de-focusing.

In plasma, the laser pulse is self-focused with frequency blueshift, which includes both the
ionization blueshift and the photon acceleration. The plasma channel ends when the laser
power becomes smaller than the critical power for self-focusing. In this letter, the effect of the
frequency blueshift of the laser pulse in the plasma channel is studied in order to elucidate the
fixed blueshift and the plasma channel length limitation.

2. Experimental setup and condition

The experiments have been performed with a Ti:sapphire laser system at the Japan Atomic
Energy Agency (JAEA) - Advanced Photon Research Center (APRC) named JLITE-X [23]. The
laser contrast ratio within picosecond timescales is 106. The contrast ratio within nanosecond
timescales is significantly suppressed to the order of 108. The laser pulses, which are linearly
polarized, with 200 and 133 mJ energy are focused onto a 3-mm-diameter helium gas-jet by an
off-axis parabolic mirror (OAP) with the focal length of 646 mm (f/22). The 1/e? diameter of
the focal spot is 32 pm. The energy concentration within this region is 60%. The pulse width
of the laser pulse, 7, is 40 fs. The estimated peak irradiances from the measurement data, Iy,
are 7.5 x 10'7 and 5.0 x 10'” W/cm? in vacuum corresponding to a dimensionless amplitude of

the driver laser fields ap = 8.5 x 1070\ [um]/Io[W /cm?] = 0.6 and 0.5, where )¢ is the laser
light wavelength of 800 nm. The spectrum of the transmitted laser pulse is measured with a
spectrometer. Figure 1 shows the spectrum of the transmitted laser light. The spectrum shifts
with the interaction length, L. The transmitted laser power is measured with a power meter on
a linear stage.
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3. Experimental results and discussion

3.1. Gas-length vs shift

The frequency blueshift has two mechanisms, ionization blueshift and photon acceleration. The
ionization blueshift is independent of the interaction length and the laser intensity. The photon
acceleration depends on the interaction length, the plasma density, and the laser intensity.
Figure 2 shows the peak value of the spectrum of the transmitted laser light. The first shift
of 50 nm at L = 0 is the ionization blueshift. It is independent of the interaction length. The
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spectrum shift is increasing with L. The shifts are proportional to L and depend on the laser
intensity. These should be caused by the photon acceleration. The shifts are saturated when
L > 3.8 mm. The shifts may finish due to the ending of the plasma channel.
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4. Comparison of P vs P,

In the interaction, the laser power decreases due to the plasma generation by the laser pulse.
The laser spectrum blueshifts are due to (i) ionization blueshift and (ii) photon acceleration.
These effects change P.. and the transmitted laser power, P. The plasma channel ends when
P < P, due to the end of the relativistic self-focusing. Figure 3 shows the relationship between
the transmitted laser power, P, and the critical power, P... P.. is calculated from the plasma
density and the measured transmitted laser spectrum. When n, is less than 1.5 x 1019 ecm ™3, the
laser pulse has no self-focusing due to low plasma density. When n, is between 2.0 x 10 ¢cm™3
and 4.0 x 10 cm™3, the difference of P and P,, is caused by the scattering of the laser pulse
by gas after the plasma channel ends. When the plasma density is high enough, the plasma
channel continues to the end of the gas-jet. When n, is higher than 4.0 x 10" cm™3, P is
in good agreement with P,., because the plasma channel continues to the end of the gas-jet.
These results show that the laser pulse in plasma is blueshifted and the plasma channel length is
limited due to the spectrum shift. In addition, the blueshift stops when P < P... The blueshift

is also limited due to the stop of self-focusing, and the spectrum of the transmitted laser light
is fixed.
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5. Conclusions

In conclusion, we observe two types of the blueshift, (a) ionization blueshift and (b) photon
acceleration. The intense laser pulse produces a plasma channel due to the self-focusing. The
plasma channel corresponds to a balance between self-focusing and defocusing. In the channel,
the laser power decreases and the frequency is blueshifting. When P < P,., the balance is
broken and the plasma channel disappears. The end of self-focusing limits the length of the
plasma channel and fixes the spectrum of the transmitted laser light.
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