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ABSTRACT

Sub-picosecond, high-brightness electron bunch trains are routinely produced at SPARC-LAB via the velocity
bunching technique. Such bunch trains can be used to drive multi-color Free Electron Lasers (FELs) and
plasma wake field accelerators. In this paper we present recent results at SPARC-LAB on the generation of
such beams, highlighting the key points of our scheme. We will discuss also the on-going machine upgrades
to allow driving FELs with plasma accelerated beams or with short electron pulses at an increased energy.

Keywords: High brightness electrons, Free Electron Laser, Plasma accelerators, Velocity bunching

1. INTRODUCTION

Ps-spaced bunch trains are currently generated and manipulated in the SPARC-LAB; the production scheme
of the bunch train does not rely on beam losses (and therefore it can accommodate naturally higher charge
in the bunches) and the final bunch train parameters can be tuned only varying the accelerator working
conditions. Both properties are interesting for several applications, such as Plasma Wake Field Acceleration
(PWFA) or resonant enhancement of the THz radiation production' or ultra-fast pump and probe experi-
ments with FEL photons.? Moreover the our scheme offers the possibility of tailoring the bunch train shape,
as needed for example in PWFA.

In this paper, after an introduction reviewing the key features of our scheme (sec. 2), we will report on
recent results in the manipulation of such beams, focusing on the two relevant SPARC-LAB research lines,
namely multicolor FEL (sec. 3) and plasma acceleration (sec. 4).
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2. COMB BEAMS AT SPARC-LAB

The technique used at SPARC to manipulate bunch trains combines the generation of a pulse train at the
photocathode with the RF compression® (the so called velocity bunching). The technique used to generate
a 2 pulses beam at the cathode relies on a birifrangent crystal, where the input laser pulse is decomposed in
two orthogonally polarized pulses with a time separation proportional to the erystal length.

The SPARC velocity bunching technique consists in injecting the beam in an accelerating structure
working near the zero crossing of the RF field phase: if the beam is slightly slower than the phase velocity of
the RF wave, it slips back to phases where the field is accelerating and at the same time the beam is chirped
and compressed up to a point of maximum bunch compression; a further increase of phase delay brings the
beam to over-compression and the bunch starts lengthening.

A detailed description of the SPARC layout can be found in Ref. 4, while a description of the machine
working point to manipulate bunch trains can be found in Ref.s 5,6. It has been shown that to have good
separation, one has to operate in over-compression regime, which implies a careful machine optimization to
preserve significantly low emittances. On top of that, the experimental reconstruction of the sub-bunches
dynamics is not trivial, since the bunch length measurement resolution needed to precisely resolve the sub-
bunches is demanding. Referring to Ref.s5,6), we report here for reader convenience, the major knobs used
to achieve set-up the proper liana working points. The results reported later in sec.s 77 have been obtained
setting the machine according to the following considerations.

As a general rule of thumb, the bunch separation is roughly twice the total bunch length in over-
compression and such separation is completely frozen at the end of the first 3m TW section (the SPARC RF
compressor). For a given compression phase, the sub-bunches separation increases for increasing the laser
pulses distance on the cathode and the whole bunch charge (i.e. the space charge contribution).

The phase distance of the maxima of the sub-bunches compression curves (that is of the sub-bunches
minimum length) depends mainly on the pulse distance at the entrance of the RF compressor which, for a
given RF gun injection phase, is determined by the space charge: the pulse distance at the RF compressor
entrance increases with bunch charge and moving the gun injection phase towards the phase of maximum
charge extraction. Simulations show that such a phase separation of the maxima can be inferred from the
pulse distance of the on crest beam at the linac end. The sub-bunches minimum length (and thus their
maximum compression) is in general different, being identical only in the ideal case of no space charge
beams injected with the same energy in the compressor.

The SPARC linac is composed by three 3m TW sections after the gun (the first one being the compressor)
and the beam injection phase can be varied autonomously for each section; usually the second and the third
section are phased to get the maximum energy at the linac exit. By changing the last section phase (i.e.
the whole beam energy), only the energy (and not the time) separation is affected; in particular there is no
effect on the sub-bunches current distribution.

The difference between the sub-bunches charges at the cathode does not affect the separation at the linac
exit (for a given compression phase), while it affects the sub-bunches currents and bunch lengths.

Emittance compensation during the RF compression requires focusing additional to the acceleration one,
which in the SPARC case is provided by two 3m (independently powered) solenoids embedding the first two
TW sections. Typically only the solenoid around the first accelerating section is used at operation values
in the range of 270-330G (for all the data/simulation presented here). Such magnetic field has a negligible
effect on the separation, while it affects the emittance (at the linac exit), the sub-bunches bunch length
and current (but not the sub-bunches current ratio) and the compression phases corresponding to the single
bunch compression curves maxima, which are (more or less) rigidly shifted by varying the magnetic focusing
field.

As usual in RF gun based linac, the main knob to control the emittance is the solenoid embedding the

gun, affecting the emittance of the whole bunch as well as of the sub-bunches, together with their length and
currents. The minimum emittance of the whole bunch, the minimum emittance of each single sub-bunch
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and an equal current in the sub-bunches occur at different values of the gun solenoid field; typically for the
SPARC case, these values differ no more than roughly 300G.

As a rule of thumb, the minimum emittance of the whole bunch, the equal current and the minimum
spot size at the linac exit occur for close values of the gun solenoid field. On top of that, simulations suggest
that the minimum emittance of the whole bunch occurs when the two sub-bunches are radially separated
at the linac exit, i.e. one forms a ring around the other in the transverse spot. During machine operation,
this condition can be often observed (especially for “well behaved” beams) by letting the beam propagating
for roughly 5 meters after the linac without additional (quadrupole) focusing. Therefore such situation was
used as starting point for emittance optimization in the experiments discussed below.

A possible procedure, while operating the machine for comb bunches, may be the setting the bunch
separation by choosing the compression phase and then the emittance optimization (with the gun solenoid)
for a given value of the TW section magnetic focusing field.

All those guidelines were followed during the experiments performed recently with two bunches (200
400pC) and four bunches (200pC) train; the train average energy at the linac exit was varying from 170
to 90MeV, depending on the machine setting, mainly the compression phase (used to tune the sub-bunches
distance) and the last section phase (used to tune the sub-bunches energy separation).

The use of the RF compressor in the over-compression regime requires good beam quality (i.e transverse
emittance) and overall machine stability. A poor beam emittance would spoil the brilliance and/or would
imply a too large beam to be manipulated; the compression phase stability is important to keep the separation
in the comb beam constant during operation. To monitor carefully the effect of all the machine parameters,
we have also developed a single shot and not-intercepting diagnostics” based on electro-optical sampling.

3. COMB BEAMS FOR TWO COLORS FEL

The ability of FELs in the x-rays range to probe matter at the femtosecond time scales is typically exploited
in pumpprobe configurations where two pulses with different wavelengths and adjustable time delay are used
to investigate the processes occurring during chemical and physical reactions.

Many two color FEL experiments have been recently discussed in literature; the most relevant ones are
discussed in Ref. 8. One method, exploited at SPARC-LAB, to generate two-color FEL radiation consists
in injecting in the undulator a train of two electron bunches with time and energy separation adjustable by
setting the linear accelerator (linac) parameters.

The use of a two energy level electron beam for producing two-color radiation pulses has been studied
and tested at SPARC-LAB.%? Our technique relies on low energy RF compression of a comb-like electron
beam, to produce high brightness, sub-picosecond spaced trains of pulses, separated both in energy and
time, and capable of producing FEL radiation in the single spike regime. Numerical simulations of the beam
dynamics have pointed out the main parameters to achieve the desired beam properties in this two-bunch
regime, demonstrating the versatility of the method.” References 2,9 address a specific case which has been
investigated in an experiment where the spectral and temporal features of SASE FEL radiation have been
fully characterized; the results agreed very well with the simulations of both the electron beam dynamics and
the FEL process. Color tunability of the pump and probe pulses that may be obtained changing carefully
the working point of the Linac.

This scheme is based on two closely spaced electron bunches generated at the cathode and accelerated
off-crest in the following linac; the result is a two beamlets bunch with a small energy difference between the
beamlets. Such a bunch train injected in an undulator radiates two distinct SASE (Self Amplified Sponta-
neous Emission) pulses, whose relative time delay and wavelength difference can be tuned independently by
changing the linac working point. A 1-2% spectral separation can be achieved. Moreover since the whole
length of the undulator can be used by both radiation, one can immagine applications requiring high-intensity
radiation or exploiting the activation of self-seeding processes.

Asin any FEL process, the emission starts from noise, and, whereas the two colors can be single spiked, the
radiation is affected by random shot to shot fluctuations both in the time and frequency domains. To
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Figure 1. Profile of the laser hitting the photocatode (left picture) and phase scan (right picture).

overcome the intrinsic FEL fluctuations coming from shot-noise, the method has been extended to seeded
FEL schemes, where the emission is locked to an external seed laser® and the degree of coherence has been
improved.

In this paper we report the operational experience and the main characteristics of the linac working point,
in the case of seeded, two color FEL radiation at SPARC-LAB. The results in terms of achieved radiation
properties are described elsewhere: full time and spectral informations are there reported.®

The two beamlets are obtained by a two-peaked laser pulse impinging the cathode; the time profile of is
shown in the left picture of Fig. 1 and the laser FWHM is 5.7ps. The right picture of Fig. 1 shows a plot
of extracted charge from the cathode, as a function of the arrival time of the laser with respect to the RF
pulse; such arrival time is expressed in degree of the RF and 1 deg is approximately 1ps since our working
frequency is 2.856GHz.

The injection time of the laser with respect to the RF pulse is carefully chosen. The main goal is to exit
from the RF gun with the maximum energy, thus reducing the space charge spoling of the beam quality. Such
a condition is typically achieved injecting a sigle laser pulse at 30deg after the phase where the emissions
starts (i.e. -73deg in Fig. 1). The working point of the linac foresees an injection phase of 33deg; such a
value is chosen after a careful numerical optimization with start-to-end beam dynamics simulations and the
reason being the two beamlets nature of the beam at the photocathode.

The emission beginning phase is a crucial information to get and it is measured by fitting the charge-
phase plot, as shown by the red line in the left picture of Fig. 1; for instance in that case the measured
phase is -73.33(0.21)deg. The charge emission such a phase is dominated by the laser and the charge profile
in proximity of such point resembles the laser profile, having a different derivative and showing a single step
since two laser pulses are hitting the cathode. The energy at the gun exit is 5.3MeV and the total charge is
100pC.

At the end of the linac, after having applied the machine set-up as described in Ref.s 5), we result to
have a beam with longitudinal phase space reported in Fig. 2. Two beam are clearly separated in energy
(1MeV) and have charge very close. Due to the different time duration, the current is different and the peak
current is above 100A for the lower energy beam and below 80A for the higher energy one. The analysis of
each beam has heen possible due to the energy separation. The energy profile is shown in the left picture of
Fig. 2.

In order to achieve optimal beam transport in the undulators, the matching conditions are imposed
from the Twiss properties of the whole beam (and not on the transverse dynamics of the single beamlets).
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Figure 2. Longitudinal phase space for the compressed bunch train (left picture) and energy profile (right picture).
The total charge is 100 pC.
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Figure 3. Profile of the laser hitting the photocatode (left picture) and phase scan (right picture).

By theoretical considerations and according to our operation experience, we have found that setting the
undulator channel to match the whole beam, assure lasing of the two beamlets. The total emittance is
around 2pm and it has been achieved after a careful optimization of the solenoid around the RF gun and
one around the first traveling wave section of the SPARC linac.

4. COMB BEAMS FOR PLASMA ACCELERATION

In this section, we report on the generation of three beamlets bunch train. The three beamlets are again
obtained by a three-peaked laser pulse impinging the cathode; the time profile of is shown in the left picture
of Fig. 3 and the laser FWHM is 8.34ps. The right picture of Fig. 3 shows a plot of extracted charge from
the cathode, as a function of the arrival time of the laser with respect to the RF pulse.

The injection phase in this case is strictly 30deg after the phase where the emissions starts (i.e. 65.5deg in
Fig. 3); such a value has been assessed with dedicated start-to-end beam dynamics simulations. The charge
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Figure 4. Longitudinal phase space for the uncompressed bunch train (left picture) and the over compresses one (right
picture) at the linac exit. The two driving bunches are labeled "D1” and ”D2”, while "W?” stands for witness bunch.

emission profile in the vicinity of the beginning of the charge emission, resembles again the laser profile
showing a two-steps shape (corresponding to three laser pulses). The energy at the gun exit is 5.34MeV and
the total charge is 97pC.

Figure 4 shows the longitudinal phase space at the maximum energy (on-crest, left picture) and at the
working point (over-compression, right picture). The configuration of two drivers (namely D1 and D2) and
a witness (W) is clear. In PWFA, the driver will resonantly excite the plasma, allowing the witness to be
accelerated. The distance between the drivers must be one plasma wavelength (about 0.8ps in our case)
while the witness must be distant 1.5 plasma wavelength (i.e about 1.2ps in our case).

The achieved emittance in the on-crest case is about lpm in both planes at 164MeV; the two drivers
have about the same charge (around 40pC) and the witness has a charge of 20pC. Concerning the bunch
lengths, the drivers are around 700fs, while the witness is around 500fs.

The same charge are conserved also in the over-compression working point at 117MeV. The beamlets are
shorter, being the drivers in the range of 100fs and the witness about 200fs. The transverse emittance shows
an asymmetry between the two planes, probably due to the the some misalignment of the beamlets. Anyhow
the square root of the product of the emittances in the two planes is around 4pm. Another interesting
feature shown experimentally is the capability of continuously moving the witness bunch by delaying the
third optical pulse hitting in the cathode.

5. PERSPECTIVES ON THE NEXT SPARC OPERATIONS AND CONCLUSIONS

The goal of the ongoing and next beam studies at SPARC is the demonstration of plasma acceleration of high
brightness beam. The SPARC FEL undulators will be used as ”diagnostics” elements to prove the brightness
of the beam. The SPARC-LAB linac will undergo a maximum energy upgrade with the installation of a
C-band accelerating section'® which have an higher accelerating gradient and, being are more compact, will
free the space in the beam line to be used for PWFA experimental chamber.

In this paper we have shown some relevant beam configuration achieved at SPARC-LAB manipulating
the bunch trains. The manipulations uses peculiarity of the SPARC linac, such as velocity bunching with
focusing solenoids. The main experiments addressed multicolor FEL and plasma acceleration experiment
preparation.
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