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Trains of ultrashort electron pulses with THz repetition rate, so-called comblike beams, are assuming an
ever growing interest in plasma-based acceleration. In particle-driven plasma wakefield acceleration
(PWFA), a train of driver bunches with separation of the order of plasma wavelength, i.e., 300 um,
resonantly excites a plasma wake, which accelerates a trailing witness bunch, injected at the accelerating
phase. Comblike beams have great potentialities in different fields of applications. In particular, radiation
sources, such as free-electron lasers and THz radiation, take advantage from the possibility to tailor electron
beams modulated both in time and energy, to customize emission bandwidth and temporal properties. In
these scenarios, the manipulation of longitudinal phase space to investigate different bunch configurations,
in terms of energy and time separation, is founded on the knowledge of the 6D phase space of each bunch in
the train. In this paper we present the methods developed at the SPARC_LAB test facility in order to fulfill
the requirements. Starting from conventional diagnostics, therefore applying well-known tools using more
than one diagnostic at the same time, we have completely characterized not only the full 6D phase space
of a comblike electron beam with THz repetition rate, but also each single bunch within the train. To our
knowledge, this is the first time such a measurement has been performed. Experimental results for
multibunch trains in different configurations, suitable for PWFA applications, will be shown and discussed.
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I. INTRODUCTION

A comblike beam is a train of short electron pulses, in the
order of hundreds of femtoseconds or less with picosecond
time separation. The generation of such a beam relies on
different schemes, for instance a single long bunch is sliced
by a mechanical slits system placed in a dispersive area [1]
or a train of bunches is longitudinally manipulated using
velocity bunching [2]. The first system has the advantage of
an easy implementation, being necessary however a dis-
persive arm. However it suffers for a limited flexibility
because both bunch length and time separation can only be
changed by changing the slit system. The second one is
much more flexible, being possible to modify the beam
properties playing with the longitudinal phase space, with
laser pulse shaping and the rf accelerating phases. However
being a dynamical setup it is more demanding in terms of rf
stability with respect to the other one.
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So far one of the main applications of comblike beams
is the production of two color free-electron laser (FEL)
radiation [3,4] using a pulse train with bunches at different
energy. In one case, an electron beam with two energy level
distribution, quasioverlapped in time, produces a train of
femtosecond FEL pulses emitting at two frequencies. On
the other hand, the two bunches train separated both in time
and energy will give rise to two color FEL radiation pulses
with a given time delay, to be used for pump and probe
experiments. Due to the different matching conditions of
the transverse phase spaces inside the undulator, the
knowledge of transverse and longitudinal single bunch
parameter is mandatory. In order to have a balanced energy
gain for both FEL pulses, matching conditions should be
satisfied by both electron bunches.

Another application of comblike electron beams concerns
THz radiation. THz sources are assuming growing impor-
tance mainly due to their nonionizing properties. Linac
driven sources offer high power pulses but reduced tuna-
bility. THz sources driven by comblike beam have been
recently developed [5,6] in order to provide tunable,
narrowband, few-cycle, and multicycle coherent THz radi-
ation. A precise control of the bunch temporal spacing is thus
mandatory to tune the source wavelength.
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Last, but not least, one of the most challenging appli-
cations of such beams concerns their use in the develop-
ment of particle-driven plasma wakefield acceleration
(PWFA). PWFA has recently [7] demonstrated its feasibil-
ity to accelerate electron beams. The main goal is to deliver
a train of driver bunches that resonantly excite a plasma
wake, transferring energy to the plasma. A witness bunch,
injected at a distance corresponding to half integer of the
plasma wavelength from the last driver, will gain energy
from plasma. Using this scheme it is in principle possible to
achieve very high gradient, higher than 1 GV/m and up to
100 GV/m. In order to deliver a useful beam, the energy
spread and the transverse emittance must be kept under
control. In this scenario the knowledge of the longitudinal
and transverse characteristics of the single bunches are of
paramount importance in order to match the transverse size
at the beginning of the plasma channel and to set the proper
distance of the bunches to tune the plasma oscillation.

Being the applications mainly linac oriented, single
passage machine, intercepting diagnostics are allowed.
Due to the high repetition rate of the bunches, intensified
cameras cannot be used to collect and discriminate each
bunch in the train, being not fast enough (nanosecond
scale) for THz scale repetition rate. The only possibility is
to separate the beams and to image them at the same time.
A dipole can divide them when they are separated in
energy, while a RFD (tf deflector) allows one to distinguish
between them when the separation is in time. We have used
both devices for our measurements.

Nevertheless, a nonintercepting device, such as the one
based on electro-optic sampling, can be also used to
characterize the longitudinal bunch size and shape.
Details can be found in Ref. [8].

II. EXPERIMENTAL SETUP

The experiments presented in the paper have been
conducted at the SPARC_LAB test facility [9], character-
ized by a high brightness photoinjector, able to deliver
electron beams as short as few tens of femtoseconds, with
1 mm-mrad transverse projected normalized emittance and

Flag D1

Quadrupoles Dipole

4.43m Flag U3

FIG. 1. Sketch of the SPARC_LAB diagnostic section beam
line. The beam is coming from the left side. The drawing is not
to scale. From left to right are visible the quadrupole triplet, the
RFD (rf deflector), the dipole and the two view screens used in
the measurement (named as flag D1 and U3).

energy up to 180 MeV. The diagnostic section transfer line
is sketched in Fig. 1.

Three quadrupoles are followed by the RFD and a
dipole. Our RFD [10] has a vertical deflecting mode, so
the longitudinal property of the beam is imaged on the
transverse vertical plane. Two view screens are placed
downstream, one on the straight line (U3), the other on a
14 degrees bending arm (D1). The distance between the
screens and the dipole center is 2642 mm for U3 and
3274 mm for D1. Both of them are composed of a Yag:Ce
crystal, normal to the beam line, 100 ym thick, with a
45 degrees mirror placed on the back to eliminate depth of
field effect [11]. The light is then collected by a 50 mm F2.8
lens and recorded with a Basler scout A640 CCD camera.

III. LONGITUDINAL MEASUREMENT

The simultaneous use of RFD and dipole magnet allows
a single shot longitudinal phase space measurement. One of
the big advantages of using a RFD is the self-calibrating
property. The change of a known quantity, the phase of rf
deflecting field, reflects in moving the beam in the vertical
axis. Equating the number of the pixels with the phase
difference gives the calibration ratio between dimension
and phase. The vertical dimension on the screen reflects the
bunch length, and the time separation in a comblike beam.
The resolution of such a device is limited by one of the
following effects: resolution of the optical system, deflect-
ing voltage and beam emittance. In our case the main
limitation comes from the beam emittance. In such a
measurement the dimension on the vertical axis is given

by [12] 6, = \/6; rep + O} beam being o, the measured

quantity, o, gpp the elongation due to the RFD and o peam
the dimension on the screen without RFD, i.e., 6y peam =

/€yPy_screen Where g, is the vertical emittance and fy gcreen
is the Twiss function at the screen position. If the first term
in the square root is equal or less to the second, the effect of
the RFD is negligible. With 2 MW power available for our
RFD, a camera pixel size equal to 10 ym, imaged with a
1:3 magnification, the intrinsic limit of resolution is about
18 fs at 100 MeV and 24 fs at 160 MeV for instance. But the
dimension of the spot size without RFD, i.e., 6, peams
basically doubles these values.

The resolution in energy depends on the optical mag-
nification of the view screen, and the magnetic field in the
dipole. With an equivalent pixel size of about 30 xm on our
camera, we have about 5 keV resolution at 110 MeV and
7 keV at 160 MeV. But when the dipole is used with the
RFD in order to obtain the longitudinal phase space, also
the induced energy spread from the deflector must be taken
into account. We have already evaluated and measured this
effect in a former paper [13], being less than 20 keV.

One of the working points under studying at
SPARC_LAB concerns the manipulation of a train of three
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(a) Measured longitudinal phase space with a comblike beam on crest. (b) Same structure at the overcompression phase which

allows the bunches to be separated in time. The witness beam is indicated with W and the drivers with D1 and D2.

bunches to be used for particle-driven resonant plasma
wakefield acceleration, as shown in Fig. 2.

Two driver beams contain 44% (D1) and 42% (D2) of the
total charge (100 pC) respectively, while the witness beam
has about 14%. The charge distribution is set in order to
have more charge in the drivers with respect to the witness.
Knowing from a toroid the total value of the charge, the
relative amount for every bunch is computed weighting the
overall intensity of every single beamlet image. The phase
space indicated with letter A shows the three bunches in on
crest operation, i.e., all three traveling accelerating sections
are at the rf field phase of maximum energy. The results are
summarized in Table I. In parentheses are indicated the
errors. When the statistical error is negligible with respect
to the sampling dimension, we have reported this value.

Using the velocity bunching technique [14] and adjust-
ing the phase of the other sections to partially compensate
the induced energy spread it is possible to achieve a train of
very short bunches and reduced energy spread, as shown in
Fig. 2, phase space B. The resulting parameters are reported
in Table II. With RFD and a dipole it is possible to measure
in a single shot all the phase space longitudinal parameters
of such a bunch train, including the relative distance
between them and their individual charge.

IV. EMITTANCE MEASUREMENT

Emittance measurements have been performed using
the well-known quadrupole scan technique [15]. Different
strategies must be applied depending on different scenarios:
either trains with pulses almost overlapped in time, but not
in energy or with same energy but separated in time.

TABLE L

A. Bunches mainly separated in energy

For a train of pulses separated in energy but not in time
we need a dispersive element, the dipole and the flag D1.
The emittance measurement is done taking into account
the dipole contribution. We separate the problem for the
vertical and the horizontal plane. In the vertical plane, using
the notation of the s-matrix [16], a matrix containing the
Twiss parameters,

033 = R330033 + 2R33R340034 + R3400u4, (1)

where 633 = /¢, is the beam vertical dimension at the
measurement position, oy;; the element of the o-matrix in
the position where we want to know the value of the Twiss
parameters and R;; the element of the R transport matrix,
which links the final and the initial o-matrix elements as

Ofinal = RdstanRT- (2)

Here and after we consider only the first order optics,
because even in compression regime the energy spread
of the single bunch is not so large (<0.3%) to make
appreciable the contribution of high order terms. In the
vertical plane there is no term coming from dispersion but,
using a rectangular dipole, we must take into account in the
transport matrix the vertical focusing according to [16].

To validate the transport matrix we measured the vertical
emittance with a single bunch on both screens, D1 and U3.
We usually use only one quadrupole for such a scan in order
to minimize the chromatics effects of the magnetic elements
and their effects on the emittance [17]. The comparison

Beam parameter for longitudinal phase space A in Fig. 2.

Bunch  Beam energy (MeV)  Energy spread (%)

Position (ps)

Bunch length (ps)  Longitudinal emittance (keV*mm)

w 164.50 (0.02) 0.051 (0.013) 4.28 (0.02) 0.54 (0.02) 5.3(0.2)
D1 164.82 (0.02) 0.030 (0.013) 7.12 (0.02) 0.73 (0.02) 9.8 (0.3)
D2 164.66 (0.02) 0.086 (0.013) 10.01 (0.02) 0.74 (0.02) 9.6 (0.5)
Whole 164.71 (0.02) 0.092 (0.013) 7.91 (0.02) 2.13 (0.02) 96.5 (1.4)
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TABLE II. Beam parameter for longitudinal phase space B in Fig. 2.

Bunch Beam energy (MeV) Energy spread (%) Position (ps) Bunch length (ps) Longitudinal emittance (keV*mm)
w 117.12 (0.02) 0.067 (0.002) 6.39 (0.02) 0.190 (0.03) 4.0 (0.2)

D1 116.65 (0.02) 0.158 (0.005) 5.02 (0.02) 0.12 (0.02) 5.6 (0.2)

D2 116.82 (0.02) 0.175 (0.009) 4.19 (0.02) 0.08 (0.02) 4.6 (0.4)

Whole 116.80 (0.02) 0.210 (0.005) 4.92 (0.02) 7.67 (0.02) 534 (1.2)

between the measurements on screens U3 and D1 is reported
in Table III.

In the single pulse run, images from the CCD are filtered
to remove background noise and calculate the second
momenta of the intensity distribution [18]. Twiss param-
eters, and emittance, are then retrieved by minimizing the
chi-square fit function as defined in [17].

For a comblike beam, the algorithm used to calculate the
second momenta of the intensity distribution in the vertical
direction is applied to each bunch individually, allowing to
determine the emittance for both bunches.

The software for separating the images of the comblike
beams was developed in LABVIEW® environment, while the
one dedicated to image analysis and emittance calculation
in MATLAB®. For each of the acquired images the software
generates two masks able to separate the regions of interest
(ROI) corresponding to the different beams. The masks are
created by setting a variable threshold (dynamically set by
the program), which neglects all the pixels with intensity
less than the threshold. For each iteration the contiguous
regions (called particles) exceeding the threshold are
calculated. The routine raises the threshold until only
two particles remain which serve to identify the ROI
containing the two beams (see Fig. 3).

Two subsets are obtained from the measurements, each
containing images of a single beam and the information
(energy, current) relating to it. The image shown in Fig. 3
refers to a working point developed for two color FEL
operation [19], with total charge of 150 pC, in a ratio 55%
to 45%, with energies of about 85.7 and 86.2 MeV. This
train is longitudinally compressed via velocity bunching.

Figure 4 reports the fit for the vertical emittance
measurement on both screens, where bunches No. 1 and
No. 2 are measured on D1 and the whole beam on U3,
showing a perfect agreement between data and theoretical
model as reported in Table I'V. The whole beam emittance
is greater than the emittance of the single pulses due to
both a mismatch of the two bunches, as also a and /3 testify,
and a centroids misalignment.

TABLE III. Comparison of single bunch emittance measure-
ment on screen U3 and D1.

Flag Emittance (mm-mrad) a p (m)
U3 0.89 (0.03) —1.17 (0.08) 13.4 (0.7)
D1 0.91 (0.07) —-1.4 (04) 12.3 (0.8)

This measurement was of paramount importance in order
to properly match a train of two bunches injected into an
undulator with a seed laser to produce two colors seeded
FEL radiation [20].

When we consider to measure the horizontal emittance
we must take into account also the energy spread. Using
again the o-matrix formalism we have

o611 = R} 0011 + 2R 1R 126012 + R1,0000 + Rig0066. (3)

where o is the relative energy spread and 6, = /€,f, is
the horizontal dimension on the screen. In this case the
emittance can be retrieved only if R3,6¢¢ is not the leading
term. Otherwise the change in the quadrupole current can

- |

FIG. 3. Emittance measurement in the vertical plane on
screen D1.
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FIG. 4. Emittance measurement in the vertical plane on screen
D1 and on screen U3. The single bunches are measured on D1
and the whole on U3.
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TABLE IV. Comparison of single bunch emittance measure-
ment on screen U3 and D1.

TABLE V. Comparison of single bunch emittance measurement
on screen U3 and D1.

Bunch Emittance (mm-mrad) a p (m) Screen Emittance (mm-mrad) a p (m)
No. 1 1.77 (0.13) -2.1 (0.4) 27.2 (1.9) D1 1.4 (0.13) -1.7 (0.4) 19.2 (1.3)
No. 2 1.62 (0.12) —-0.9 (0.2) 12.3 (0.8) U3 1.4 (0.10) —0.94 (0.1) 19.0 (1.0)
Whole 2.31 (0.16) —0.66 (0.13) 19.8 (1.4)

have only a very small or even negligible effect. For
example in the case of two bunches separated both in time
and energy, the energy spread induced by velocity bunch-
ing can be on the order of 0.5% or greater, preventing the
use of our system. However when we run on crest, with
reduced energy spread we can still use the dipole to
measure the horizontal emittance of the single bunch.
Also in this case we cross-checked the system measuring
in both screens in single bunch operation.

In Fig. 5 is reported a fit of the horizontal size of a single
bunch with the previous function. In this way also the
energy spread of the beam is evaluated by the fitting
routine, being in this case 0.2%. The comparison between
measurement on screens D1 and U3 is reported in Table V.
Also in this case there is an excellent agreement for the
emittance value and S, while the estimation of the «
parameter remains only fair.

B. Bunches mainly separated in time

The most interesting case for PWFA is represented by a
comblike beam separated in time, but not in energy. In this
case the emittance measurement is performed only on U3
and the RFD can be used to separate the bunches. A
quadrupole scan can be performed assuming that the RFD
transport matrix is basically a drift in the plane where there
is not deflecting voltage, in our case the horizontal plane.

%10

zs: {

1.5

0 0.5 1 1.5 2 25
Current [A]

FIG. 5. Emittance measurement in the horizontal plane on
screen D1.

To check it we compared two quadrupole scans with RFD
on and off imaging the beam onto screen U3 as shown
in Fig 6.

As expected there is no influence of the RFD, and also
the values of the emittance and the Twiss parameters are
barely the same. With such a system we measured the
horizontal emittance of every single bunch in a train of

0-14 T T T T T T T T T T T T T T
= RFDON

0121 3 é o RFD OFF 1
€ 0.10 1 1
E .
2 : i
£ 0.08 1
= (]
f n (]
o

0.06 - ' " 1

i &
]
0.04 - 1

0.6 0.8 1.0 1.2 14 1.6 1.8
Iquad(A)

FIG. 6. Quadrupole scan comparison on screen U3 with RFD
on and off in the horizontal plane.

FIG. 7. Train of two drivers and one witness bunch with four
different values of quadrupole current. The witness is on the top
of the picture.

082804-5



A. CIANCHI et al.

Phys. Rev. ST Accel. Beams 18, 082804 (2015)

5
12 x10 i
Driver #1
10} ——— Witness
Driver #2
— 8 I
£
x
5
6 L
4 L

175 17 -165 -1.6

Current [A]

2 1 1
1.9 -185 -1.8 -1.55

FIG. 8. Quadrupole scan on screen U3 with RFD on, in the
horizontal plane. Here are reported the fits for every bunch in the
train. It refers to the bunches shown in Fig. 7.

three pulses. In Fig. 7 is reported the superposition of
several screenshots showing the behavior of the bunches
during the scan.

The total charge was 130 pC, 20% of them in the witness
and the other equally divided in the two driver beams. The
time distance between bunches was 1 ps between drivers
and 1.5 ps between the witness and the last driver.

Our software automatically extracts the three regions of
interest belonging to every bunch and computes the rms
horizontal size for all of them. The result of the quadrupole
scan with superimposed fit is shown also in Fig. 8.

The emittance was 1.22 (0.06) mm-mrad for the witness,
1.38 (0.04) mm-mrad for driver No. 1, and 1.61 (0.07) mm-
mrad for driver No. 2. The measured working point is far
from being optimized.

V. CONCLUSIONS

In this paper we have discussed the problems related
with the transverse and longitudinal diagnostics of comb-
like beams. We have seen that both longitudinal and
transverse parameters are fundamental for several different
applications. Longitudinal measurements are carried on
using a RFD with a dipole, allowing a single shot
measurement. Resolution in the order of 35 fs in time
and few keV in energy have been achieved. For the
emittance measurement we have divided the case in which
the separation is mainly in energy or in time. In the first
case we performed a quadrupole scan using the dipole and
we found that the vertical emittance can be always
measured. For the horizontal emittance it results that there
is a limited range of energy spread in which our analysis is
valid, until its value is large enough that the variation of the
quadrupole strength has not a detectable effect on beam
dimension. In the case of beams mainly separated in time,

as requested for PWFA for instance, we performed emit-
tance measurement with quadrupole and RFD. We mea-
sured the emittance of every single bunch in the direction
orthogonal to the deflecting voltage. We always cross-
checked all the results of our methods operating in the
single bunch regime.
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