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P. González Caminal,∗ F. Christie, R. D’Arcy, S. M. Jaster-Merz, R. Assmann, F. Burkart, B. Conrad,

H. Dinter, M. Foese, J. Herrmann, M. Hoffmann, M. Hüning, R. Jonas, O. Krebs, S. Lederer,

B. Marchetti,† D. Marx,‡ J. Mueller, J. Osterhoff, I. Peperkorn, M. Reukauff, H. Schlarb,

S. Schreiber, G. Tews, T. Vinatier, M. Vogt, A. de Z. Wagner, and S. Wesch
Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany

P. Craievich, M. Bopp, H.-H. Braun, A. Citterio, R. Fortunati, R. Ganter, T. Kleeb,

F. Marcellini, M. Pedrozzi, E. Prat, S. Reiche, K. Rolli, and R. Sieber
Paul Scherrer Institut, 5232 Villigen, Switzerland

A. Grudiev, W. L. Millar, N. Catalan-Lasheras, G. McMonagle, S. Pitman,

V. del Pozo Romano, K. T. Szypula, and W. Wuensch
CERN, 1211 Geneva 23, Switzerland

Longitudinal electron-beam diagnostics play a critical role in the operation and control of X-ray free-electron

lasers (XFELs), which rely on parameters such as the current profile, the longitudinal phase space, or the

slice emittance of the particle distribution. On the one hand, the femtosecond-scale electron bunches pro-

duced at these facilities impose stringent requirements on the resolution achievable with the diagnostics. On

the other, research and development of novel accelerator technologies as beam-driven plasma-wakefield accel-

erators (PWFA) demand unprecedented capabilities to resolve the centroid offsets in the full transverse plane

along the longitudinal bunch coordinate. We present the beam-based commissioning of an advanced X-band

transverse-deflection RF structure (TDS) system with the new feature of providing variable polarization of the

deflecting force: the PolariX-TDS. By means of a comprehensive campaign of measurements conducted with

the prototype, key parameters of the RF performance of the system are validated and a phase-space charac-

terisation of an electron bunch is accomplished with a time resolution of 3.3 fs. Furthermore, an analysis of

second-order effects induced on the bunch from its passage through the PolariX-TDS is presented.

I. INTRODUCTION

During the past two decades, X-ray free-electron lasers

(XFELs) [1–6] driven by a linear accelerator (linac) have

emerged as a revolutionary tool for the study of matter. By

generating high-power X-ray pulses with durations ranging

from several hundred femtoseconds down to a few femtosec-

onds, XFELs enable ultrafast time-resolved X-ray studies of

molecular systems and condensed matter with atomic spa-

tial resolution [7–9]. Both the Self-Amplified Spontaneous

Emission (SASE) [10–12] and the seeding process [13–15]

on which XFELs typically rely depend crucially on the cur-

rent profile, the longitudinal phase space, and the slice emit-

tance of the electron bunch. Short and intense X-ray pulses

typically require a strong longitudinal electron-bunch com-

pression, which can and normally do trigger collective effects

such as coherent synchrotron radiation (CSR) or longitudinal

space charge (LSC) that degrade the quality of the beam [16–

18]. In order to optimise the performance of these power-

ful machines, the parameters of the electron bunches need to

be diagnosed and controlled with temporal resolutions on the
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femtosecond and even sub-femtosecond scale. In a similar

way, stringent requirements apply to novel high-gradient ac-

celerator technologies such as beam-driven plasma-wakefield

accelerators (PWFA) [19, 20]. In a PWFA, the large focus-

ing fields produced within the micrometer-level accelerating

structure inside the plasma place strong constraints on the

extent of transverse centroid offsets along the bunch in both

transverse planes [21–23]. This demands unprecedented di-

agnostic capabilities to resolve the longitudinal structure of

the particle distribution in the full transverse plane. In this

paper we present the beam-based commissioning of a novel

transverse-deflection RF structure (TDS) that fulfils these re-

quirements.

Transverse-deflection structures were developed in the

1960s as particle separators for particle-physics research [24]

and gained popularity as longitudinal diagnostic devices at

FELs around the 2000s [25–31]. Shortly thereafter, the need

to characterise ultra-short bunches produced in low-charge

FEL operation [32] triggered the development of a new gen-

eration of structures working at the X-band frequency range

( fRF ≈ 12 GHz), leading to a compact hardware design and an

improvement of the time resolution down to the few- and sub-

femtosecond level [33–37]. Recent experiments, however,

show that sub-femtosecond resolutions can also be achieved

at the C-band range ( fRF ≈ 6 GHz) [38]. Analogous to a

streak camera, a conventional TDS system generates a linear

correlation between the longitudinal coordinate ξ and either

the horizontal x or the vertical y coordinate, thus enabling the
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measurement of the current profile and the local beam size

along the bunch with a screen in the transverse plane. The

supplementary use of a dipole spectrometer dispersing in the

plane perpendicular to the streak enables the measurement of

the longitudinal phase space. In order to avoid a rotation of

the RF-fields due to mechanical imperfections of the struc-

ture, however, the standard geometry of a TDS is designed to

lock the direction of the streak in a single transverse axis.

In 2016, in the framework of a study for a future com-

pact linear collider (CLIC) [39], new compact high-power RF

components operating at the X-band were devised at CERN

[40], which led to a novel TDS design granting full control

over the transverse direction of the streaking field. In paral-

lel, the so-called high-precision tuning-free assembly proce-

dure [41, 42] was developed at the Paul-Scherrer-Institut (PSI,

Switzerland) to produce the C-band accelerating structures for

SwissFEL [6]. The high-precision machining thereby enabled

is mandatory for the production of the new structure, which

requires an excellent azimuthal symmetry to avoid the deteri-

oration of the polarization of the streaking field. At the same

time, an increasing demand for new longitudinal beam diag-

nostics came from several research facilities: FLASHForward

[43, 44], FLASH2 [45], and SINBAD-ARES [46] at DESY,

and the ATHOS beamline [47] at SwissFEL at the PSI. In this

context, a collaboration between DESY, PSI, and CERN was

established to develop and build an advanced X-band TDS

system with the new feature of providing variable polarisa-

tion of the deflecting field, namely the polarizable X-band

TDS (PolariX-TDS) [48–50]. The unique capabilities of the

novel device open up new perspectives for the characterisa-

tion of electron bunches, including the reconstruction of the

3D charge-density distribution in real space [51–53] or the

time-resolved 4D transverse phase space [54, 55].

The first PolariX-TDS was installed in the FLASHForward

facility, a test bed for precision plasma-wakefield accelera-

tion research integrated in the Free-Electron Laser in Ham-

burg (FLASH) [1, 56] at DESY. In order to validate the de-

sign parameters of the prototype and assess its performance in

real experimental conditions, a comprehensive commission-

ing campaign of beam-based measurements was conducted.

The results complement two previous publications describing

the RF-design [52] and the earliest experience made with elec-

tron bunches [53], thus concluding the major milestones of the

collaboration after the production of the novel device.

The contents of the paper are organised as follows: Sec-

tion II reviews the principles of operation of a TDS and the

effects that it induces on the electron bunch; Section III gives

an overview of the FLASH and FLASHForward facilities, and

describes the dedicated beamline in which the PolariX-TDS is

installed; details about the operation of some of its distinctive

RF-components are provided in Section IV together with the

specifications of the full hardware system and a short descrip-

tion of its commissioning; the beam-based experimental cam-

paign is presented in Section V, including the validation of the

RF performance of the device and an example application as a

diagnostic of an electron bunch with special emphasis on the

evaluation of TDS effects induced on the particle distribution;

Section VI draws conclusions from the work presented in the

paper.

II. REVIEW OF OPERATION PRINCIPLES OF A TDS

A. Bunch duration and longitudinal resolution

The electric and magnetic fields in a TDS are excited in a

hybrid HEM mode with both transverse electric and magnetic

fields [24, 57, 58]. In the particular case of vertical deflection,

the Lorentz force experienced by a relativistic particle with

charge e travelling through the device in synchronicity with

the fields is given by the equations [24, 26]:

Fx = 0 (1a)

Fy = eE0 sin(φRF + kRF ξ ) (1b)

Fz = eE0kRF ycos(φRF + kRF ξ ), (1c)

where kRF = 2π/λRF is the wavenumber of the RF field and

φRF its phase at the location of the beam with respect to the

zero crossing. For kRF |ξ | ≪ 1, the kick accrued by a particle

after its propagation over the length of the device L can be

approximated to first order to:

y′s=L ≈ y′0 +
eV0

p0c
(kRF ξ cosφRF + sinφRF) , (2)

where V0 = E0L is referred to as the integrated voltage. From

Eq. (2) it is clear that for a bunch of particles a centroid deflec-

tion occurs for sinφRF 6= 0 and a “shearing” effect is produced

along the bunch, which is linear in ξ . When operating at either

the first or the second zero crossing of the RF field, no net de-

flection takes place and the effect of the pitch is characterised

by the constant Ky:

Ky =±eV0kRF

p0c
, for φRF = 0,π. (3)

The integrated voltage V0 is related to the power fed into

the system Pin by the transverse shunt impedance R⊥:

V0 =
√

R⊥Pin = D
√

Pin, (4)

which depends on key parameters of the RF design [59] and

is very often expressed in terms of its square root, which is

referred to as power-to-voltage constant D. The wavenumber

is given by the frequency of the RF system kRF = 2π fRF/c. Fi-

nally, particles with a lower momentum p0 experience a larger

kick, since they are less “stiff” than particles with a larger mo-

mentum.

By choosing a suitable beam optics setup, the longitudi-

nally varying kick y′(ξ ) introduced by the TDS can be used to

map the longitudinal coordinate into a transverse coordinate.

In this way, the measurement of the transverse beam size pro-

vides direct information about the bunch duration. Approxi-

mating the TDS by a drift plus an instantaneous kick induced

in the middle of the device, the beam size measured at a screen
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equals the natural beam size σy,β plus the streaked beam size:

σ2
y,scr = σ2

y,β + (R34Ky)
2 σ2

ξ (5a)

= σ2
y,β + S2

yσ2
ξ , (5b)

where the shear parameter Sy = R34Ky has been introduced.

According to Eq. (5b), in order to be able to retrieve the bunch

duration σξ , the streaked beam size must dominate over its

natural beam size Syσξ > σy,β . This leads to the definition of

longitudinal resolution Rξ :

Rξ :=
σy,β

|Sy|
, (6)

which is the figure of merit typically used to characterise the

resolution power of a TDS system. Expressing the transfer

matrix element R34 and the natural beam size at the screen in

terms of the Courant-Snyder parameters [60] and using Eq.

(3), the longitudinal resolution can be expressed as:

Rξ =

√
εy

√

β 0
y · sin∆ψ

· p0c

eV0kRF

, (7)

where εy is the geometric emittance in the streaking direction,

β 0
y is the beta function at the location of the TDS, and ∆ψ

is the phase advance from the TDS to the screen. Eq. (7)

shows that in order to optimise the longitudinal resolution, the

phase advance should fulfil the condition sin∆ψ ≈ 1 and the

beta function at the location of the TDS should be as large

as possible. Notice that the resolution is independent of the

beta function at the screen, which can thus be freely adjusted

to fulfil further requirements of the measurement. In general,

provided that the streaked beam size fits within the field-of-

view (FOV) of the screen, it is desirable to set a beta function

which is large enough to overcome the screen resolution [61],

which adds in quadrature to the expression given in Eq. (5).

A convenient way to transport the beam from the TDS to the

screen is achieved when parallel-to-point imaging conditions

[62] are fulfilled:

Ry =

(

0 R34

R43 R44

)

. (8)

This is indeed equivalent to setting a phase advance that satis-

fies sin∆ψ = 1 and α0
y = 0 at the TDS entrance, where αy

is the Courant-Snyder alpha parameter of the beam in the

streaking direction. As discussed in Section II C, the condi-

tion α0
y = 0 is additionally required to avoid undesirable ef-

fects induced by the TDS when measuring the longitudinal

phase space of the beam.

B. Current profile and slice transverse beam parameters

The current profile of the bunch is obtained from the trans-

verse particle distribution measured at the screen by convert-

ing the streaking axis into time according to the shear parame-

ter Sy and obtaining the projection of the image intensity to the

time axis. The magnitude of the shear parameter is calculated

by scanning a small range of RF phases around the zero cross-

ing while measuring the centroid offsets at the screen 〈yscr〉.
Approximating the sinφRF for small RF phases in Eq. (2) and

taking the first moments of the particle distribution, this can

be expressed as:

Sy =
∆〈yscr〉
∆φRF

· kRF . (9)

An important aspect to take into account when measuring

the bunch duration and the current profile is the effect of in-

trinsic bunch correlations between the longitudinal coordinate

and the streaking direction. The transport of the centroids at

a location ξ along the bunch from the TDS entrance to the

screen is given by the expression:

〈yscr〉ξ = 〈yβ 〉ξ + Sy ·ξ , (10)

where 〈yβ 〉ξ corresponds to the vertical centroid at the screen

due to the natural betatron motion of the particles. In the ab-

sence of bunch correlations, 〈yβ 〉ξ is constant along the whole

bunch and the vertical screen coordinate is directly propor-

tional to the longitudinal coordinate of the bunch y = Sy · ξ .

However, if intrinsic bunch correlations exist, the mapping

between the longitudinal coordinate and the screen coordinate

becomes generally a non-linear function µ : ξ 7→ y. More-

over, µ is different at each zero crossing, since Sy flips its sign

whereas 〈yβ 〉ξ does not, which results in two different current

profiles and, consequently, two different bunch durations that

are either over- or underestimated. The retrieval of the real

bunch duration can be achieved by measuring the streaked

beam sizes for the two zero-crossings [63]. Additionally, if

µ is invertible µ−1 : y 7→ ξ the bunch correlations can also

be obtained and the real current profile reconstructed from the

two measurements. Such a method—sometimes referred to

as two-point tomographic reconstruction—and the conditions

for its applicability are described in [64].

The measurement of the local beam size along the bunch

becomes possible by analysing the beam image in the di-

rection perpendicular to the streak. Therefore, the use of a

TDS combined with conventional methods for measuring the

transverse phase space [65] enables the retrieval of the slice

emittance εx(ξ ), the slice Courant-Snyder parameters βx(ξ ),
αx(ξ ) and γx(ξ ), and the slice centroids 〈x〉(ξ ) and 〈x′〉(ξ )
[29, 66, 67]. Since the novel PolariX-TDS system allows the

direction of the streaking field to be varied, the slice beam

parameters of both the horizontal and the vertical axes can

be measured with the same experimental setup [53]. Further-

more, by measuring the beam at a sufficient number of streak-

ing angles accross the whole transverse plane and combining

the images using tomographic techniques, the 3D charge den-

sity can be retrieved [52, 53, 68], which, in combination with

a 2D scan of the phase advance of the beam in x and y, can

be extended to the time-resolved 4D transverse phase space of

the particle distribution (i.e., the full 5D phase space) [54, 55].
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C. Longitudinal phase space

The longitudinal phase space becomes accessible by dis-

persing the beam in the direction perpendicular to the streak

with a spectrometer located between the structure and the

screen. In this configuration, the impact of TDS-induced ef-

fects on the measured energy distribution needs to be taken

into account. According to the Panofsky-Wenzel theorem

[69], the longitudinally-dependent transverse deflection im-

printed by the TDS is only possible if a radially-dependent

gradient of the longitudinal electric field is present in the

structure: ∂ξ Fr = ∂rFz (cf. Eq. (1)). For bunches much shorter

than the TDS length σξ ≪ L, the overall momentum change

of the particles is dominated by the radial gradient of the lon-

gitudinal electric field and the relative momentum deviation δ
at the TDS exit is [70]:

δs=L ≈ δ0 +Kyy0 +
KyL

2
y′0 +

K2
y L

6
ξ . (11)

When considering a bunch of particles, this energy change

affects the slice energy spread, the sliced relative energy devi-

ation, and, therefore, the energy chirp of the full bunch. The

resulting sliced relative energy deviation is directly obtained

from Eq. (11):

〈δs=L〉ξ = 〈δ0〉ξ +Ky〈y0〉ξ +
KyL

2
〈y′0〉ξ +

K2
y L

6
ξ . (12)

The last term on the r.h.s. of this equation is typically re-

ferred to as the TDS-induced energy chirp, since it induces

a linear correlation between δ and ξ . Additionally, the sec-

ond and third terms indicate that in the presence of intrinsic

bunch correlations between the vertical phase space and the

longitudinal coordinate—i.e., 〈y0〉ξ 6= 0 and/or 〈y′0〉ξ 6= 0—

the actual slice mean energy at the TDS exit might deviate

from its original value. The effect of these correlations flips

its sign depending on the zero crossing at which the TDS is

operated, resulting in two different energy profiles. Assum-

ing that the absolute value of the kick does not change with

the zero crossing K+
y = −K−

y = |Ky|, the true sliced relative

energy deviation is obtained from the two measurements by

computing the expression K+
y 〈δ−〉ξ −K−

y 〈δ+〉ξ , which, after

rearranging terms, results in the following formula:

〈δ0〉ξ =
〈δ+〉ξ + 〈δ−〉ξ

2
− |Ky|2L

6
ξ , (13)

where the subindices +/− identify the measurements at each

zero crossing. Notice that the comparison between the two

measurements is performed in terms of ξ , which requires ap-

plying the inverted (generally non-linear) mapping from the

screen coordinate to the longitudinal coordinate µ−1 : y 7→ ξ .

The induced slice-energy-spread growth is given by the ex-

pression:

σ2
IES,ξ ≈ K2

y εy,ξ

(

β 0
y,ξ −Lα0

y,ξ +
L2

4
γ0

y,ξ

)

, (14)

where the subindex ξ identifies a particular slice. Since the

bunch is typically sent collimated with a moderately large

beam size through the TDS—i.e., α0
y ≈ 0 and γ0

y ≈ 1/β 0
y ≪

1—the induced slice energy spread for a given slice can be

approximated with:

σIES,ξ ≈ |Ky|
√

εy,ξ β 0
y,ξ

. (15)

The product of Eq. (15) and the longitudinal resolution as

given by Eq. (6) equals the geometric emittance of the beam:

σIES,ξ ·Rξ ≈ εy,ξ , (16)

which reveals that there is a trade-off between longitudinal

resolution and TDS-induced slice energy spread that imposes

a fundamental limit on the achievable accuracy of the mea-

surement [71].

Experimentally, the slice energy spread is obtained by mea-

suring the dispersed beam size at the location of the screen.

The transverse beam size in a dispersive location has two con-

tributions: the component due to dispersion and the natural

beam size, which for relativistic beams and an horizontal dis-

persion can be approximated by Dxσδ ,0 and σx,β =
√

εxβx,

respectively—where Dx is the lattice dispersion at the screen,

εx is the geometric emittance, and βx is the beta function at the

screen. The term corresponting to the natural beam size, leads

to the definition of the energy resolution of the measurement:

Rδ :=
σx,β

|Dx|
=

√

εxβx

|Dx|
, (17)

which can be optimised by maximising the dispersion and

minimising the beta function at the screen. Additionally, the

measurement is affected by the TDS-induced slice energy

spread introduced in Eq. (14) and the screen resolution Rscr:

σ2
x,scr = R2

scr + σ2
x,β + D2

x

(

σ2
δ ,0 + σ2

IES

)

. (18)

Notice that the subindex ξ identifying the location along the

bunch has been dropped for simplicity—except for the screen

resolution Rscr, which is independent of the beam parame-

ters. The contribution of each of the terms in Eq. (18) can

be precisely determined by means of dedicated measurements

[72, 73]. Alternatively, they can be estimated from knowl-

edge of the evolution of the beam parameters along the beam-

line, the dispersion at the screen, and the specifications of the

screen. The latter is the approach followed in this paper (cf.

Section V D).

If the second moments of the distribution are transported

all the way from the TDS entrance down to the spectrometer

screen, a correlation between the horizontal and vertical spa-

tial axes emerges [74]:

〈xscryscr〉ξ = Dx Sy εy,ξ

(

−α0
y,ξ +

L

2
γ0

y,ξ

)

, (19)

If either optimal transport conditions are fulfiled or the two

terms inside the brackets on the r.h.s. of Eq. (19) cancel each

other, the induced correlation is zero. Otherwise, the longi-

tudinal phase space of the examined slice becomes sheared.

Considering an infinitessimally thin slice and assuming that

the transverse phase space of the bunch in x and y are com-

pletely decoupled from each other, two figures of merit that

permit the characterisation of this effect are:
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1. the Pearson coefficient of the beam matrix in the trans-

verse plane x–y:

ρx,y =
〈xscryscr〉ξ

√

〈x2
scr〉ξ ·

√

〈y2
scr〉ξ

, (20)

where 〈x2
scr〉ξ = D2

x(σ
2
δ ,0 + σ2

IES) + σ2
x,β and 〈y2

scr〉ξ =

R2
34εy,ξ γ0

y,ξ
,

2. the angle of the resulting tilt with respect to the energy

axis, which in this case would be the horizontal:

θx,y = arctan

( 〈xscryscr〉ξ

〈x2
scr〉ξ

)

. (21)

Notice that in the presence of intrinsic bunch correlations

ξ –y′ and/or ξ –y, the centroid of each slice in the longitudinal-

phase-space screen becomes shifted in x (energy) and y

(time), and these shearing effects might have an impact on the

measured slice energy spread depending on the zero crossing

at which the TDS is operated.

III. EXPERIMENTAL FACILITY

The PolariX-TDS is installed in the FLASHForward ex-

perimental facility [44], a test bed for precision beam-driven

plasma-wakefield research aiming to accelerate high-quality

electron beams from the FLASH linac at high gradients

& 1 GeV/m in a few centimetres of ionized gas. It occupies

a third beamline at the soft X-ray FEL user-facility FLASH

[1, 56, 75]. The schematic layout of the linac and its

three beamlines is shown in Fig. 1a. The different parts of

the experimental setup are described in the following sections.

A. FLASH injector

At the FLASH injector, the electrons are extracted from a

photo cathode [76] and are immediately accelerated inside

a normal conducting 1.3-GHz RF cavity to an energy of

5.6 MeV [56]. Further acceleration to a maximum energy

of 1.25 GeV is done by seven superconduction RF modules

also operating at 1.3 GHz. A third-harmonic module [77] is

located after the first acceleration stage in order to linearise

the longitudinal phase space of the bunch for efficient

compression, which is carried out by two magnetic chicanes

operating in the horizontal plane [56, 78]. A kicker-septum

system [79] enables the simultaneous operation of the

FLASH1 and FLASH2 beamlines by extracting a fraction of

the bunches contained in a bunch train. An additional dipole

magnet located at the end of the FLASH2 extraction arc

enables switching between FLASH2 and FLASHForward.

This setup provides the three beamlines attached to the linac

with GeV-scale electron bunches with charges up to 2 nC,

durations of 50–5000 fs rms, currents up to 2.5 kA, a nor-

malised slice emittance on the order of 1 µm, an uncorrelated

energy spread below 0.1 % and a tunable longitudinal phase

space [56].

B. FLASHForward beamline

The FLASHForward beamline [80] shares the experimen-

tal area with FLASH2 and is organised as follows. A 30-

m-long dispersive section provides 4 m transverse separation

with respect to FLASH2 and enables precise current-profile

shaping for plasma-wakefield experimentation by means of

a three-component energy collimator [81]. After the extrac-

tion, a 13-m-long straight section is dedicated to match the

beam envelope to the lattice optic and finally focus it into the

plasma, which is produced in a gas cell placed in a dedicated

plasma-interaction chamber. Immediately after the chamber,

a shorter 7-m-long section houses a broadband and a narrow-

band energy spectrometer, which is used for beam diagnos-

tics. The PolariX-TDS beamline [82], schematically depicted

in Fig. 1b, extends the diagnostic capabilities of FLASHFor-

ward, enabling the optimisation and characterisation of the

time-resolved phase space of electron bunches before and af-

ter plasma interaction [74].

C. PolariX-TDS beamline

The major constraint imposed on the PolariX-TDS beam-

line design is dictated by the location of the RF-power

source of the TDS, which must be close enough to the struc-

ture to minimise power losses produced along the waveg-

uide network. As part of the PolariX-TDS collaboration,

both FLASHForward and FLASH2 have their own structures.

Since these beamlines cannot be operated in parallel, they

share the same RF-power system in order to reduce financial

costs. In this configuration, the input RF pulse delivered by

a klystron is compressed by an X-band Barrel Open Cavity

(XBOC) pulse compressor [40, 52] and is directed to either

of the two beamlines by means of a variable power splitter

[40]. At the time at which the experimental campaign pre-

sented here was performed, however, only the klystron and the

waveguide network connecting it to the structure of FLASH-

Forward were available, which is indicated with the solid red

lines in Fig. 1a. The low-level RF (LLRF) system and the

modulator for the klystron are located in a technical corridor

outside the experimental area to ease the access for mainte-

nance and avoid problems arising from radiation damage. On

account of the aforementioned, and due to the limited space

availability in the pre-existing FLASH2 beamline, the TDS at

FLASHForward is located approximately 25 m downstream

of the plasma-interaction chamber.

The magnetic lattice upstream of the structure is composed

of 9 quadrupoles (the first 4 acting as 2 doublets), which pro-

vide enough flexibility to both match the beam envelope to the

desired parameters at the entrance of the TDS and scan the
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density, the following procedure is applied. Firstly, the non-

linear mapping of the TDS µ : ξ 7→ y is computed by means

of the two-point tomographic reconstruction and the longitu-

dinal coordinate of each slice is adjusted to its undistorted

value. In this way, the slice parameters measured at each

of the zero crossings can be compared to each other consis-

tently. Secondly, the slice relative mean energy deviation is

retrieved by means of Eq. (13). Finally, the induced slice en-

ergy spread σIES is calculated according to Eq. (14) by propa-

gating the slice Courant-Snyder parameters from the reference

point to the entrance of the TDS. At the core of the bunch

σIES = (3.11 ± 0.02) · 10−4. The obtained values are sub-

sequently substracted in quadrature from the measured slice

energy spread together with both the energy and the screen

resolution according to Eq. (18). The measured slice energy

spread at the core of the bunch is σδ ,meas = (8.4±0.3) ·10−4.

After substraction of the different contributions, the “true”

slice energy spread becomes σδ ,0 = (7.7± 0.7) · 10−4. To-

gether with the time-resolved transverse phase space obtained

from the slice-emittence measurements in x and y, the recon-

structed longitudinal-phase-space density can be used to re-

produce the particle distribution at the reference point of the

emittance measurements. To that end the obtained first and

second moments of each slice (cf. Eq. (30)) are used to gen-

erate random particles following a bivariate Gaussian distri-

bution, the number of particles being proportinal to the beam

current at the location of the slice. The result is shown in

Fig. 9, with the longitudinal phase space at the top and the

−0.5

0.0

0.5

R
el

.
en

er
g

y
d

ev
ia

ti
o

n
δ
(%

)

a

−0.5

0.0

0.5

H
o

ri
zo

n
ta

l
co

o
rd

.
x
(m

m
)

b

−200 −100 0 100

Longitudinal coord. ξ (µm)

−0.5

0.0

0.5

V
er

ti
ca

l
co

o
rd

.
y
(m

m
)

c

0

5

10

ρ
Q
(p

C
/

µ
m
/

%
)

0

3

6

ρ
Q
(p

C
/

µ
m
/

m
m
)

FIG. 9. Time-resolved phase space reconstruction of the bunch at

the reference point of the slice-emittance measurement, including:

(a) longitudinal-phase-space density and (b, c) spatial charge distri-

bution in ξ –x and ξ –y, respectively, in which the centroid offsets at

the head of the bunch originating from CSR effects can be clearly

observed.

spatial charge distribution in x and y at the bottom. Such a

time-resolved phase-space reconstruction constitutes an ex-

ceptional tool to, e.g., benchmark start-to-end simulations and

understand the beam dynamics along the machine.

A clear sign of the resolution power of the PolariX-TDS is

the observation in Fig. 8 of the longitudinal substructure re-

sulting from microbunching instabilities [18, 91]. An analysis

of the size of these microbunches suggests the actual reso-

lution achieved in the measurement. This is shown in Fig.

10. The top plot reproduces the region of the longitudinal-

phase-space density highlighted in Fig. 8(b), whereas the

bottom one shows an energy slice together with a Gaussian

function fitted to a single microbunch. The obtained sigma

σξ = 0.98 ± 0.03 µm (3.3 ± 0.1 fs) represents an improve-

ment of 25 % with respect to the longitudinal resolution cal-

culated from the projected beam size, which becomes larger

due to the intrinsic bunch correlations. From the vertical

slice-emittance measurement and the transport of the obtained

Courant-Snyder parameters from the reference point to the

longitudinal-phase-space screen, it is possible to compute the

local resolution along the bunch and estimate its value at the

location of the microbunch ξ =−83.8 µm. With a normalised

emittance of εy,n = 0.32 ± 0.01 µm, a beta function at the

screen of βy,scr = 10.6±0.2 m, and a measured shear parame-

ter of Sy = 47.72±0.02, the resolution is Rξ = 1.01±0.03 µm

(3.3±0.1 fs), in very good agreement with the value obtained

from the image analysis performed here.
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FIG. 10. Effective (local) longitudinal resolution determined by

analysing the structure size of the micro-bunching instabilities. Top:

longitudinal-phase-space density of the inspected region. The anal-

ysed lineout is indicated with a red line. Bottom: lineout of the

top image (red line) with a Gaussian fit applied to a selected micro-

bunch (blue dashed line) demonstrating a resolution of at least Rξ =
3.3±0.1 fs.
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[86] L. Fröhlich, A. Aghababyan, S. Grunewald, O. Hensler, U. F.

Jastrow, R. Kammering, H. Keller, V. Kocharyan, M. Mom-

mertz, and F. Peters et al., The Evolution of the DOOCS C++

Code Base, in Proceedings of ICALEPCS2021 (JACoW Pub-

lishing, 2021) pp. 188–192.

[87] V. Romano del Pozo, H. Bursali, N. Catalan Lasheras,

A. Grudiev, S. L. Pitman, I. Syratchev, and M. Volpi, High

Power Conditioning of X-band Variable Power Splitter and

Phase Shifter, in Proceedings of the 10th International Particle

Conference - IPAC2019 (JACoW Publishing, Melbourne, Aus-

tralia, 2019) pp. 2964–2967.

[88] P. Craievich, Z. Geng, F. Marcellini, C. Kittel, S. Reiche,

T. Schietinger, G. Wang, and E. Prat, Post-undulator beam mea-

surements with PolariX TDS in SwissFEL, in Proceedings of

the SPIE 2023 (2023).
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