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Abstract

A plasma undulator is formed when a short laser pulse
is injected into plasma off-axis or at an angle that causes
the centroid of this laser pulse to oscillate. Ponderomotively
driven plasma wake will follow this centroid given that the
product of the plasma wave number and the characteristic
Rayleigh length of the laser is much larger than one. This
oscillating transverse wakefield may work as an undulator
forcing particles to follow sinusoidal trajectories and emit
synchrotron radiation. In this paper, plans for an experiment
are introduced and resulting radiation and injected beam
characteristics are discussed. The aforementioned laser cen-
troid oscillations are demonstrated using, EPOCH, a PIC
code for laser-plasma interactions.

INTRODUCTION

There are various concepts to conceive a plasma undu-
lator [1-4]. Following the one proposed by Rykovanov et
al., when a laser pulse is injected into a parabolic plasma
channel off-axis or at an angle with respect to the centre
of the channel, the laser centroid oscillates with a period
comparable to the characteristic Rayleigh length of the laser.
When the laser peak power, P, is below the critical power,
P.(GW) = 17(kL/kp)2, the laser centroid oscillates accord-
ing to x.(z) = x¢; cos(z/Zg + ¢) where k), and k;, are wave
numbers for plasma and laser, respectively, Zr = nw(z)/ Ais
the Rayleigh range of the laser, x.; is the maximum value
of centroid deviation and ¢ is an arbitrary phase value, wy
is the laser spot size at focus and A is the laser wavelength.
Ponderomotively driven plasma wakefield will follow the
laser centroid oscillation when k, Zg >> 1. This condition
can be satisfied by adjusting the plasma density depending
on spot size at the focus and wavelength of the laser.

PLANNED EXPERIMENT

The tentative layout of a planned experiment to observe
this phenomenon is presented in Fig.1. The interaction of
the laser pulse and plasma will be investigated to demon-
strate the laser centroid oscillations. Images of the laser
spot before and after the plasma may reveal an off-set in
laser transverse position as an indication of theoretically
predicted centroid movement. Images can be taken by us-
ing YAG:Ce or OTR screens over many shots to provide
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statistically significant results. Screens will be installed on
push-pull motion actuators.
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Figure 1: Tentative layout of the experiment.

Assuming that an undulator is established and a measur-
able amount of synchrotron radiation may be produced by
an externally injected electron beam. The on-axis angular
photon flux density is

ax

=1.74 x 10" N?E*I, F,,(K) (1)
dw lg=0

where N is the number of undulator periods, E and I}, are the
energy and current of the incoming electron beam, Fij(K)
is a function of K undulator strength parameter for the first
harmonics as given in Eq.2.

2

m(h (Y) = Jo(Y))%, )

Fi(K) =
where J; and J are the first and second order Bessel func-
tions of the first kind and ¥ = K2/4(1 + K?). In addition
the strength parameter for a plasma undulator is given as

a, ~ 47ra(2)CxC,-//l 3)

where a is normalised vector potential of the laser, C = 0.38
for a linearly polarised Gaussian laser pulse and A is laser
wavelength. Consequently, for ap = 0.2 and an electron
bunch of 1 nC at 250 MeV with a bunch length of 1ps, a
photon flux of ~ 10'® (photons/sec/mrad?/0.1%Bandwidth)
can be produced over 10 periods of the plasma undulator.
From the well known formula in practical units, Beg[T] =
a, /(0.9341,[cm]), an equivalent magnetic field of 21 T can
be achieved. At the considered ratio between centroid oscil-
lation amplitude and laser spot at interaction, x.;/wo = 2,
radiation is emitted in a range in near ultraviolet frequencies.
This radiation might be detected with a CCD camera, that
is sensitive to the spectral range, directly or after a certain
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Table 1: Example Laser Specifications for the Early and Relatively Recent Experiments

‘ Reported ‘ Derived
Reference Ep Pulse length wo A | ap I ap
(mJ) (fs) (um) (nm)  (10'® W/ecm?) (1018 W/em?)

5 400 120 5.5 800 0.26 - 0.70 0.58

6 20 100 3.6 800 0.45 - 0.98 0.68

7 40 130 6.0 800 0.20 - 0.54 0.51

8 1500 400 30/19 1057 0.40 - 0.42 0.59

9 1000 30 50 800 1 - 0.85 0.64

10 65 8.5 3 800 6 1.67 5.68 1.65
attenuation via a filter or by means of a screen depending
on the intensity. (s /EE N RV RN Y

After successful incorporation (alignment and matching) ZZZ

of the electron beam in the system, one can test the effect 00l
of interaction on the electron beam passing through the per- - ol S0
turbed plasma following the oscillating wake of the laser 5_ s00f *j{;;gg::
pulse. A beam area, equipped with an energy spectrome- uf a00f 715?330”:;
ter, will enable monitoring of the energy deviations in the 300
electron beam after it interacted with the plasma perturbed 200r
in undulator mode. This might provide an indication of L ‘ i . . . ‘ . .
longitudinal momentum loss through synchrotron radiation. T W w w0 o, (SFwhMfS 401 o 20
Beam emittance can be measured by using a pepper-pot : 5 s ‘ ' W 16 18 20

setup, through a quadrupole scan or by observing the change
in beam size and divergence at adjacent screens (includ-
ing carefully calculated divergence increase via scattering
through the screens).

Laser: The key laser parameter to perturb a preformed
plasma by using a short laser pulse is the normalised laser
vector potential, ag. Early and relatively recent laser-driven
plasma acceleration experiments were performed for ag ~ 1
before the development of powerful petawatt lasers [5—10].
Theoretically, a plasma undulator can be achieved even for
normalised vector potential values down to 0.2 [11]. The
normalised vector potential in practical units as a function
of laser wavelength A, and intensity 1, is,

ap = 8.65 x 107100 (um)~/I(W/cm?) (4)
2y _ 2Ppeak(w)
I(W/cm*) = —nrf(cmz) (®)]
_ Epulse(J)
Ppeak (W) = o) (6)

where Ppeax is the peak laser power, rg is rms radius of
the laser spot, Epue is the laser pulse energy and o is
laser pulse length at FWHM. Reported laser parameters and
derived values with above formulae regarding the reference
experiments are presented in Table 1.

To ensure a realistic range of working points for the laser,
the minimum and maximum of the laser parameters demon-
strated in the above experiments were selected as reference
values. The laser parameters providing an ag value of 1 and
0.2 were calculated of the order of these reference range as
presented in Fig.2 using Eq.(4-6). This indicates an interplay
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Figure 2: Laser parameters to provide an a) ay = 1 and b)
ap = 0.2 for the proof of principle experiment.

between the laser pulse energy and the laser pulse volume
in order to deliver a given ag. For a given normalised vector
potential and a certain laser wavelength, in case there is a
limitation in available pulse energy, required intensity can be
compensated by reducing the pulse volume and vice versa.
Given that the assumed spot sizes are not achievable, this
parameter can be relaxed by adjusting the laser pulse length.

Plasma: We plan to use a gas-filled capillary based dis-
charge plasma source for this experiment which we are cur-
rently developing in the Cockcroft Institute, Daresbury. The
setup involves 30 kV DC high voltage source, a thyratron and
trigger box for discharge; half a meter vacuum chamber for
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integration into an electron beamline; electrical feedthrough
and glass capillary tubes in various lengths and sizes. The
housings will be manufactured from Macor (Corning), a
machinable ceramic. Macor has been machined into shapes
more complex than those required for this design.

According to the extrapolated empirical Paschen curves
given in Fig. 1, discharging a range of plasma densities
between 1.5x10'3 to 5.3x10'¢ cm™3 is achievable for a 5 cm
long capillary tube when filled with Ar gas. This corresponds
to a gas pressure between 0.08 to 280 mbars.

10°
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107 10° 10 10° 10° 10*
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Figure 3: Empirical Paschen curves for various gases as
a function of gas pressure and the distance between the
discharge electrodes. Curves are extrapolated according to
the maximum voltage available from the discharge source.

Electron Beam: A typical relativistic electron beam with
well defined emittance (and perhaps divergence), energy and
energy spread is appropriate for this experiment. The limita-
tion to beam size can be defined according to the clearance
provided by the plasma cell. For example, in a 1 mm diame-
ter plasma capillary, one can fit +50- beam spot of a 50 um
(10) beam radius and still allow +50- clearance at the walls
of the capillary as a precaution against position jitter of the
beam and laser. The ratio between the number densities of
the electron beam and the plasma electrons determines a
the regime (linear or wave-breaking) where plasma wake-
fields occur. The bunch charge values between 100 pC to a
nC can provide number densities between 10! — 101 cm™3
which can be matched by the plasma cell. A high repetition
rate operation might be favoured as it will help with the
signal-to-noise ratio for the signal integrating diagnostics.

SIMULATIONS

A plasma density profile starting with a zero density re-
gion of 30um and followed by a parabolic plasma chan-
nel with the channel depth of 1x10'® cm™ was defined in
EPOCH [12] (Fig. 4-a). This has been done to initiate the
defined laser fields in a plasma-free region and preserve the
consistency of Maxwell’s equations. The laser pulse with
an ap = 0.2 was sent 20um off-axis with respect to the chan-
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nel centre. This initial simulations demonstrated that laser
centroid oscillates under the given conditions. Analysis and
further simulations on the oscillation of the wakefields in-
duced by the laser pulse and characterisation of the radiation
emitted by a probe electron beam is ongoing.
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Figure 4: a) Field profile within the plasma. b) Laser cen-
troid position oscillating along the plasma channel with an
initial off-set of 20 um.

CONCLUSIONS

Novel technologies, with the promise of reducing the size
and the cost of accelerator components, are crucial towards
the realisation of next generation accelerators. Plasma un-
dulator is one such technology which provides at least an
order of magnitude larger effective field strength compared
to conventional magnetic components.
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