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Abstract

Applications of plasmas in accelerators benefit from short

probe bunches comparable to plasma wavelength due to

currently achievable plasma wake profiles. In plasma accel-

eration case, high capture efficiency within a narrow energy

spectrum can be achieved when a sub-picosecond to fem-

tosecond witness bunch injected behind the driver pulse

at the high electric field region. A start-to-end simulation

study was performed for parametric optimisation of an rf

photoinjector to provide a short witness bunch for plasma

applications in accelerators. An rf photoinjector is a laser-

driven, high brightness and robust electron source that can

provide stability and flexibility provided by today’s advanced

laser and rf technologies.

INTRODUCTION

Laser pulses (LWFA) [1, 2] or high quality short particle

beams (PWFA) [3–5] are used in order to drive the plasma

electrons to induce high wake fields in the plasma. LWFA oc-

curs under the effect of the ponderomotive force of the laser

pulse whereas PWFA utilises the Coulomb force between

the driver beam and the plasma electrons. For PWFA the re-

sulting wakefield strength is inversely proportional to square

of the driver bunch length. Such bunches can be injected

into the plasma from an external source or can be formed

inside the plasma by modulation at the plasma frequency

thanks to a phenomenon called self modulation instability

(SMI) [6].

As well as the driver beam, the witness or the probe beam

can be generated either from an external source or from

the plasma itself using schemes such as ionisation injection

[7–13]. There are also studies on using an LWFA as an

injector for a secondary plasma channel for acceleration [14].

Magnetic undulators can also be used to microbunch an

initial beam to produce a train of ultra-short bunches. A

previous study demonstrated wakefield build-up as a result

of such a train when compared to a single bunch case [15].

The initial quality and characteristics of a beam coupled to

plasma components will aid the suitability of the final beam

for the applications such as FELs or future collider design

studies.

This paper discusses the production of sub picosecond

electron beams from a photoinjector using conventional S-

band and X-band RF structures to have hybrid frequency

gun-linac layouts [16] operating at off-crest phases. A pho-

toinjector is an electron source that uses laser pulses in order
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to extract electrons from the surface of a metallic or a semi-

conductor cathode (such as Cu and Cs2Te). Electrons can

escape cathode surface if the laser pulses provide sufficient

energy for electrons to overcome the potential barrier of the

surface. Cathode plug is placed in one end of an RF gun

which is used for rapid acceleration of electrons emitted

from the cathode into a large solid angle. Further accelera-

tion of the beam can be achieved by using a linac after the

RF gun. Photoinjectors are used as a mature technology for

electron beam production since they first implemented in

1980s. They can produce high brightness, low emittance

electron beam motivating photoinjectors as versatile and

reliable electron sources. Some historical highlights and

overview of photoinjectors can be found in [17–19].

RF GUN OPTIONS

Beam dynamics under the accelerating and focusing fields

were performed with the particle-in-cell code PARMELA

[20]. External fields can be imported as field maps or gen-

erated by using the built-in models in PARMELA. For a

travelling wave structure two field maps must be provided;

one produced with Neumann boundary condition (cosine

map) and the other with Dirichlet boundary condition (sine

map). These fields which are shifted in phase by 90◦ are fed

into PARMELA by using the TRWCFIELD command. In or-

der to implement the PARMELA built-in model, all the cells

in a structure are defined using TRWAVE cards. The fringe

fields in the entrance and the exit of the structure can be

modelled using a combination of half CELL and TRWAVE

combination. In this study, 2D field maps for standing wave

RF guns are produced by SUPERFISH [21] and provided

for simulations whereas the PARMELA built-in model is

used to produce the fields for the travelling wave linacs.

Simulations for an S-Band Gun

The S-band (2.99855 GHz) PHIN gun is considered as a

reference representing the conventional technology for this

study [22]. The gun with 2 + 1/2 cells induces 100 MV/m

average axial electric field at π-mode to capture and extract

the particles.

Figure 1 shows the behaviour of the rms beam energy as

a function of RF phase. Please note that all phase values in

this manuscript are related to the simulation master clock

and arbitrary. Parabolic regions represent the typical energy

behaviour around the wave crest where there is a reasonable

amount of particle transmission across the gun. Rms values

dip down to zero where most of the particles are lost in the

process without being captured by the RF field. A working
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Figure 1: Rms beam energy evolution in the S-band RF gun

as a function of RF phase.

point within the parabolic regions can be chosen taking into

account various beam dynamics observables as well as the

energy.

The number of macro-particles propagating until the exit

of the RF gun, through a 20 mm aperture (radius), is pre-

sented in Fig. 2-a. The region between -5o and 95o , where

there is a reasonable flat-top, will be called the transmis-

sion band. Normalised beam emittance, εn,x,z , beam sizes,

σx,z , in horizontal and longitudinal plane, respectively; rms

beam energy, E and rms spread on the energy, ΔE/E can

be characterised within the transmission band. Figure 2-b

summarises this characterisation.

Horizontal normalised rms emittance is relatively con-

stant around 2 mm mrad up to about 50o . The rms value

starts increasing due to the loss of some particles after this

point. A compromise between the rms energy and the bunch

length will determine the baseline for the gun exit. In the

transmission band, the bunch length is compressed for the

lower phase values.

Consequently, an energy output value of 6.5 MeV was

chosen as an example case which occurs at 30o and where

the bunch length is 2.8 ps. An initial 4 ps (4o of RF wave)

long laser pulse with a radius of 0.5 mm is used for the

S-band simulations.

Simulations for an X-Band Gun

An X-band (11.994 GHz) RF gun with 5 + 1/2 cells and

4 mm iris aperture (radius) was designed operating with

200 MV/m average axial electric field. Similar structures

were studied before in [23,24]. This is summarised in Fig.

3. In the case of an RF gun at X-band frequency, the same

energy output of 6.5 MeV as the S-band gun was achieved at

8o resulting into a nearly 1/3 lower bunch length of 101 fs.

An initial 232 fs (1o of RF wave) long laser pulse with a

radius of 0.5 mm is used for the S-band simulations.

HYBRID-BAND INJECTOR

Reference case: S-S-Band

A constant gradient travelling wave linac with 15 MV/m

was implemented after the S-band RF gun in order to boost
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Figure 2: For the S-band RF gun; a) number of macro-

particles extracted at the end of the RF gun out of 6k macro-

particles and b) beam dynamics observables as a function

of RF phase.
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Figure 3: Beam dynamics observables as a function of RF

phase at the exit of an X-band RF gun within the transmission

band with 100% transmission.

to beam energy up to 15 MeV reference energy. Characteri-

sation of the beam after the S-band linac is given in Fig. 4;
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sub plot a) reveals that number of macroparticles leaving the

RF gun is conserved through the linac at the transmission

regions. In the first transmission region at -330o , 2.68 ps

bunch length is produced at an energy of 15 MeV about

30o before the wave crest. The normalised transverse emit-

tance is ∼2.5 mm mrad in this region. One should note that

emittance compensation was not optimised for these results

hence it can still be improved.
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Figure 4: For the S-band RF gun and linac combination; a)

number of macro-particles extracted at the end of the RF gun

out of 6k macro-particles; b) beam dynamics observables as

a function of RF phase.

Hybrid case: X-S-Band

Hybrid case consists of the X-band RF gun followed by

the S-band linac given in previous sections. The beam dy-

namics observables are summarised in Fig. 5. By only

upgrading the RF gun frequency, the injector can produce

95 fs bunch length at the same energy (15 MeV) and bunch

charge (0.2 nC) at an RF phase of 60o , which is 30o before

the wave crest. A normalised transverse beam emittance of

∼2 mm mrad is achievable before any beam envelope optimi-

sation. In addition, further studies are needed to investigate

the effect of space charge parametrisation in PARMELA for

short bunches to reliably determine the emittance. Charge

extraction capability of X-band RF gun was proven better

than the S-band with full transmission within the transmis-

sion regions as a function of RF phase (Fig. 5-a).
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Figure 5: For the X-band RF gun and S-band linac combi-

nation; a) number of macro-particles extracted at the end of

the RF gun out of 6k macro-particles; b) beam dynamics

observables as a function of RF phase.

CONCLUSIONS AND FURTHER STUDIES

Short bunch production capabilities of well known S-band

technology and X-band technology were compared. An

X-band RF gun was numerically proven to provide better

electron capturing efficiency of the macroparticles emerg-

ing from the cathode; as well as providing 30 times shorter

bunches at the gun exit. Followed by an S-band linac, while

S-band gun can reduce the bunch length to 2.68 ps, X-band

gun managed to produce a bunch length of 95 fs. Further

studies are ongoing for a fully X-band system and further

space charge compensation in order to produce lower trans-

verse emittance values.
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