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Abstract

The concept of proton-driven plasma wakefield acceleration has recently been proposed
as a means of accelerating an electron bunch to high energies with very high average gra-
dients (1 GeV/m). A demonstration experiment ( known as AWAKE) is now under devel-
opment at CERN. One of the requirement for the experiment is a high plasma density
uniformity. To diagnose the plasma density evolution radially and longitudinally the cut
off frequency method is under study. The proposed measurement techniques, initial simu-
lations, experimental setup and preliminary measurement results on Argon and Neon dis-

charge sources are presented.

INTRODUCTION

Recently a new collaboration (known as AWAKE) was formed in order to demonstrate proton
driven plasma wakefield acceleration at CERN for the first time [1]. In the proposed experiment
the SPS proton bunch in CNGS facility is injected into a 10 m long plasma. The long proton
bunch (0 =12 cm) travels in a dense plasma and undergoes a transverse instability called self-
modulation instability (SMI) [2, 3]. Therefore a micro bunch train is generated that can then
resonantly drive strong wakefields in the plasma. The electron bunch that is injected externally
at the right phase of the wakefield is accelerated by fields on the order of 1 GV /m.

Plasma density uniformity lower than 1% along the beam path is necessary for the low en-
ergy injected electrons to stay in the accelerating phase of the wakefield during propagation [4].
This cause need for transverse density measurements to explore the spatial homogeneity along
the plasma channel. In the experiment the plasma density is also evolving as a function of
time, which additionally sets the requirement for single-shot measurements with a time win-
dow of maximum 100 ns. Standard methods for plasma density measurement such as Langmuir
probe [5] and laser Thompson scattering [6] are not suitable for our application because of the
relatively long integration time. The diameter of the expected plasma on the order of only few

millimeters makes microwave interferometer also [7] not applicable.
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PLASMA DENSITY MEASUREMENT USING CUTOFF METHOD
To fulfill the above-mentioned requirements, we are investigating the measurement of the

plasma cutoff frequency to determine the electron density. In a plasma the natural oscillation

frequency of the free electrons is related to their density by w, = \/ﬁ where n, is the free
electron density and m and e are the electron mass and charge, respectively. For plasma densities
in the expected order of magnitude of 104 — 10"¢m ™3 this frequency is in the 90 — 300 GHz
range. Below the oscillation frequency the plasma is opaque (cut-off) and it is transparent for
higher frequencies. The spectrum of broadband THz waves passing through the plasma in the
transverse direction exhibits a cut-off at the plasma frequency from which the plasma density
can be determined. In our case the plasma is contained in a glass tube (5 mm inner diameter,
2 mm wall thickness) and its contribution to the transmitted spectrum must be taken into ac-
count. By using the method of impedance transformation with multiple dielectrics layers the
power reflection and transmission spectra can be calculated. The influence of electron temper-
ature, collision frequency, electron density, thickness and profile of the plasma and glass tube
on the observed cutoff can be modeled numerically [8]. The effect of glass tube on transmitted

3

waves with a plasma n, = 7 x 10'4cm 3 using a simplified model is shown in Fig. 1 .
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Figure 1: Calculated transmission spectrum of a plasma column contained within glass tube.

For a sensitivity of better than 1% in terms of plasma density the frequency spectrum (or cut-
off frequency) must be measured with a resolution of about 500 MHz for a 10'* cm™3 plasma.
One of the challenges in our experiment is to generate and span a THz spectrum around the
cutoff frequency and detect it with the necessary resolution within about 100 ns.

Two different techniques for broadband THz radiation generation are proposed: chirped con-
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tinuous wave photomixing (CCWP) [9] and THz time domain spectroscopy (THz-TDS) [10].

EXPERIMENTAL SETUP AND PRELIMINARY MEASUREMENT RESULTS

For a first test of time resolved cut-off measurement in a thin (<5 mm) plasma channel a trans-
mission setup using a standard RF generator and spectrum analyzer (up to 22GHz) is used. The
horn antenna on opposite sides of the plasma channel are used to optimize the wave coupling
from emitter to the receiver through the plasma. A measurement on Argon plasma discharge
source (n, ~ 1.5 x 103em™3, f, ~ 35 GHz) is shown in Fig. 2. On the left, time resolved trans-
mission signals separated in different colors, each representing another frequency are shown.
On the right hand side, the extracted transmission spectra at some certain times corresponding to

different plasma channel diameters are plotted. The measurements are limited by the generator

frequency range, but the frequency cutoff can be clearly identified.
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Figure 2: Transmitted signal through Argon discharge source.

In the next test a RF network analyzers system (< 40 GH?z) is used to measure the magnitude
and phase of the reflected wave at a thin DC Neon discharge source (n, ~ 10'2cm =3, fp =
9 GH?z). The ratio of the reflected power with plasma on and off is shown in Fig. 3.

The measured cutoff frequency is in a very good agreement with the prediction from the
model calculation. Below the cutoff frequency the measured spectrum is dominated by impedance
effects over the length of the waveguide. Due to limitation in the frequency range of conven-
tional RF generators and analyzers and to the relatively high cost of those devices, we are
studying the CCWP concept described in [9]. Two diode lasers with central frequencies at
(193 THz+125 GHz) and (193.2 THz+125 GHz) are used to generate frequencies up to 450 GHz.
As a first demonstration a chirped signal spectrum with a bandwidth of 6 GHz (oscilloscope lim-
itations) within 50 us is generated. A low pass filter with a cutoff of 2 GHz (analog to cut-off

plasma frequency) is measured and the transmitted spectrum is shown in Fig. 4.
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Figure 3: Ratio of reflected microwave signals at a Neon discharge source.
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Figure 4: Transmission of waves created by a CCWP setup through a low-pass filter (2 GHz cutoff).

SUMMARY

Stepwise experiments towards a high resolution, single shot, broadband plasma frequency
measurement are in progress and first results were presented. It is shown that the cut-off mea-
surement method is also applicable to thin plasma channels. As a next step a full CCWP system

as well as a THz-TDS system will be developed and tested.
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