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Abstract. We present an in-depth tolerance study and investigation of the main challenges
towards the realization of a hybrid compact ultrafast (fs to sub-fs) X-ray pulse source based on
the combination of a conventional S-band gun as electron source and a THz-driven dielectric-
loaded waveguide as post-acceleration and compression structure. This study allows us
determining which bunch properties are the most affected, and in which proportion, for
variations of the parameters of all the beamline elements compared to their nominal values.
This leads to a definition of tolerances for the misalignments of the elements and the jitter of
their parameters, which are compared to the state-of-the-art in terms of alignment precision and
stability of operation parameters. The most challenging aspects towards the realization of the
proposed source, including THz generation and manufacturing of the dielectric-loaded
waveguide, are finally summarized and discussed.

1. Introduction

Particle acceleration beyond the few-MeV level currently requires large infrastructures, of the order of
several meters or tens of meters, due to the low operating frequencies (a few GHz) and field
amplitudes (a few tens of MV/m in the meter-long structures) of the conventional RF accelerating
structures. The same remark holds for the schemes used to compress electron bunches down to
durations of the single femtosecond order or below. This is indeed typically done via velocity
bunching [1], requiring several meters long accelerating structures and/or drift space, or in magnetic
chicanes, which length depends on bunch energy but is typically a few meters.

One of the schemes currently investigated to overcome these limitations, and achieve compact
accelerators delivering pC-level ultrashort (fs to sub-fs duration) electron bunches with an energy
above the MeV-level, is to use dielectric-loaded structures driven by laser-generated THz' pulses [2—
5]. In these structures, the frequencies (100 GHz to 10 THz) and field amplitudes (up to a few GV/m)
are expected to be much higher than in conventional RF structures. This would allow bunch
acceleration and compression by velocity bunching within a few tens of cm, thus reducing the
footprint of accelerator beamlines.

One of the first potential applications of THz-driven accelerating structures is to build a compact
ultrafast X-ray source based on Inverse Compton Scattering (ICS) [6], delivering fs to sub-fs pulses.
However, due to the high frequency, high field amplitude and reduced transverse dimension of THz-
driven structures, tolerances to jitters and beamline imperfections are expected to be tight and to
represent one of the main challenges towards such compact X-ray sources. In this paper, we present an

" In this paper, we consider the THz range of frequency as being between 100 GHz and 10 THz.
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in-depth tolerance study (Section 2) and investigation of the main challenges (Section 3) for the
realization of a concept of hybrid and compact ultrafast (fs to sub-fs) X-ray pulse source based on ICS
previously investigated by the authors [7, 8] within the context of the AXSIS project [9]. The tolerance
study aims to define the acceptable margins for several beamline imperfections and various
experimental jitters, thus determining which of them are the most challenging to be met.

A schematic layout of the concept of ultrafast X-ray pulse source considered in this paper is shown
in Figure 1 (top). The electron source is a conventional laser-driven 1.6 cell S-band RF-gun operating
at 2.9985 GHz with its peak field amplitude fixed at 140 MV/m, corresponding to the maximal
gradient experimentally achieved with a BNL/SLAC/UCLA gun [10, 11]. A solenoid electromagnet is
then used to focus the beam for injection into a THz linac, consisting in a partially dielectric-loaded
circular waveguide (DLW) (see Figure 1 bottom) driven by a multicycle THz pulse exciting the TMy,
mode [12, 13]. In the THz linac, the electron bunch is simultaneously accelerated up to 15-20 MeV
and compressed down to duration on the single femtosecond order or below. The beam exiting the
THz linac is finally focused by a triplet of quadrupole electro-magnets to the ICS point, where it
interacts with an infrared laser to generate X-rays through ICS. More details on the beam dynamics
and on the optimization of the layout presented in Figure 1 are available in [7, 8].
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Figure 1. Top: Schematic layout of the ultrafast X-ray pulse source concept. Conditions and
parameters: See bulleted list below. Bottom: Schematic of the cylindrical partially dielectric-loaded
waveguide intended as THz linac.

As reference case for the tolerance study, we use typical electron bunch properties at the ICS point
simulated with ASTRA [14] for a 1 pC charge. They are presented in Table 1, with the following
symbols being used throughout the paper to denote the electron bunch properties: Q (charge), <E>
(average kinetic energy), og (rms energy spread), o; (rms length), -0, (rms transverse horizontal-
vertical size) and ¢,-¢, (rms normalized transverse horizontal-vertical emittance). The values in Table 1
are simulated with the following reference beamline parameters:

* Gun region: Peak field E,, = 140 MV/m; UV laser rms duration o, yv = 75 fs (Gaussian profile)
and transverse size o, yy = 0.5 mm (Gaussian profile cut at 16); Solenoid peak field By = 0.258T.

* THzlinac: THz pulse central frequency = 300 GHz; Field amplitude E,; = 115 MV/m.
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*  Quadrupole triplet: Magnetic length: 5 cm for each quadrupole; Spacing of 8 cm between each
quadrupole; Gradients: +9 T/m, -19.5 T/m and +20.5 T/m.

Table 1. Reference electron bunch properties at the ICS point considered in
this paper (Q = 1 pC). All the electron bunch properties variations shown in
Section 2 are given relative to these ones.

<E> (MeV) or (keV) o:(fs) oo, (nm) &Jey (m.mm.mrad)
17.65 123.2 1.31 10.6/10.5 0.226/0.189

The tolerance study is divided and conducted separately into the four main sections of the layout
shown in Figure 1, namely the RF-gun region (RF-gun, UV laser and solenoid), the THz linac, the
quadrupole triplet and the ICS interaction region. In this way, the conclusions drawn from the study
are not limited to the specific layout shown in Figure 1, but can also be of interest for other
applications implying THz-driven DLWs, especially applications relying on injection from a
conventional RF-gun into such a DLW.

2. Tolerance study
Different approaches have been used to perform the tolerance study.

For a single and constant beamline imperfection, for example a misalignment, a simple parameter
scan has been performed with ASTRA to determine the tolerances. In case jitters of beamline
parameters are involved, the relevant quantities to determine the tolerances are the distribution and
partition functions of the electron bunch properties at the ICS point under the assumed jitters.

To study a single jitter of a beamline parameter, the procedure is to first run a scan with ASTRA
where the parameter is varied step-by-step within a range covering the jitter window. The beam
properties at the ICS point are recorded for each step. For each beam properties, the obtained values
are then fitted with Matlab to obtain continuous curves over the parameter variation range. Finally, a
jitter following a Gaussian distribution with a standard deviation oj; respective to the parameter
nominal value is simulated with Matlab. A large number of values (of the order of 10°) of the jittering
parameter are randomly generated following a Gaussian distribution (with a cut-off at + 30;;). For each
values, the beam properties are determined using the curves previously obtained with Matlab and
recorded. This delivers histograms of the beam properties at the ICS point. Normalizing these
histograms, such that their integrals become equal to 1, leads to the distribution functions of the beam
properties. An integration of the distribution functions leads to the partition functions of the beam
properties.

To study the simultaneous influence of several beamline imperfections and/or parameter jitters, we
use the ERROR namelist of ASTRA [14]. This namelist allows running ASTRA for a given number of
iterations, while at each iteration a user-defined list of parameters is randomly varied following
Gaussian distributions (the standard deviations oj; of the distributions are user-defined for all the
parameters) with a user-defined cut-off (+ 30;; in our case). Histograms of the beam properties at the
ICS point are obtained in this way, and subsequently their distribution and partition functions are
computed as explained above. This method is consuming in terms of computing time. This explains
why simpler and faster methods are used when only a single beamline imperfection or parameter jitter
is studied.

Throughout Section 2, the relative variation of the electron bunch properties displayed are relative
to the reference case shown in Table 1.

A last important point is that the reference case of Table 1 used for the tolerance study is simulated
assuming a THz linac with f= 300 GHz. One should note that the higher f, the tighter the tolerances
are. Therefore, for cases with f < 300 GHz, the tolerances would be relaxed, by a factor close to the
frequency ratio, compared to what is derived in the present section for 300 GHz.
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2.1. RF-gun region

For the RF-gun region, from the cathode to the THz linac entrance, the influence of jitters of the
following parameters on the electron bunch properties at the ICS point are studied: RF-gun field
amplitude, dephasing between the UV laser driving the gun and the RF-field, UV laser pulse energy,
UV laser pointing and solenoid peak field.

We first study these jitters altogether, because their combination drives two important jitter
sources: the arrival timing jitter and pointing jitter of the electron bunch at the THz linac entrance.
Table 2 shows the rms values we assumed for the Gaussian distributions of the jitters in ASTRA. We
found o and o, to be the most affected properties under the assumed jitters (see Figures 2 (a) and (b)).
This was expected since the studied jitters induce a significant bunch arrival timing jitter at the THz
linac entrance and thus of the bunch injection phase into it, to which o and o; are very sensitive.

Table 2. Rms values assumed for the Gaussian distributions of the jitters
simulated with the ERROR namelist of ASTRA.

Gun field Gun phase UV laser UV laser Solenoid
amplitude P pulse energy pointing  peak field
0.01% 0.006° (= 5.5 fs) 3% 35 um 0.04%
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Figure 2. Distribution and partition functions of o (a) and g, (b) at the ICS point under the jitters
shown in Table 2. Variation of o (c) and o; (d) at the ICS point as a function of the detuning of the
individual parameters shown in Table 2 compared to their nominal values. The nominal bunch
properties are given in Table 1.

The values assumed in Table 2 for the jitters are still not fully satisfactory. In fact, for example,
20% of the shots present a variation of og greater than +25% (see Figure 2 (a)). To determine which of
the jittering parameters of Table 2 has the strongest influence, we decoupled them and studied the
variation of oz and o, as a function of the single parameters detuning, expressed in units of the rms
values shown in Table 2. This is shown on Figures 2 (c¢) and (d), which first show that the influence of
the parameters detuning is not identical on oz and o;. Indeed, the strongest variations come for opposite
parameters detuning (positive detuning for o and negative detuning for o;). For the opposite
directions, the variations remain more limited. Figures 2 (c) and (d) then show that, for both o and o,
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the strongest influences are from the RF-gun phase and field amplitude jitters. The values assumed in
Table 2 for these jitters are at the current state-of-the-art, and even slightly below for the phase [15—
19]. To significantly improve the stability of oz and o; at the ICS point would therefore require
improving the RF-gun phase and field amplitude stability beyond the current state-of-the-art and is
therefore challenging. Figure 2 (c) also shows that between +1 and +6 units, the contribution of a UV
laser pulse energy detuning to the variation of o is around one half (third) of the RF-gun field
amplitude (phase) contribution. A small gain could therefore be obtained by reducing its jitter, which
is feasible according to the current state-of-the-art of laser intensity stability [20].

2.2. THz linac region

For the THz linac, we first study the field amplitude and phase jitters. The phase jitter represents here
only the contribution of the internal phase jitter of the THz pulse source, and does not include the
contribution of the electron bunch arrival timing jitter at the THz linac entrance. We then study the
influence of THz linac misalignments: translation along x, y and z and rotation around x and y (see
Figure 1 for definition).

2.2.1. THz linac field amplitude and phase jitters. Regarding the THz linac field amplitude, our
simulations show that a jitter mostly affects <E>, og, 0, and o,. A 1% rms jitter would provide a
stability of the electron bunch properties already reasonable for operation. In fact, Figure 3 (a) shows
that, for the most affected property oy, 90% of the shots then exhibit a variation lower than 10%. It also
shows that it deteriorates rapidly. Indeed, for a 3% rms jitter, 30% of the shots vary by more than 30%.

Regarding the THz linac phase, a jitter mostly affects <E>, o and o,. It has to be significantly
below 1° rms (= 10 fs at 300 GHz) for reasonably stable operation. In fact Figure 3 (b) shows that if
this is not the case, for the most affected property oz, 20% of the shots will then exhibit a variation
greater than +35% and potentially up to +120%. Figure 3 (b) shows that this percentage falls to zero
for a jitter below around 0.33° rms (= 3 fs at 300 GHz).

A more detailed study on the influence of these two jitters is available in [8].
As explained later in Section 3.1, a promising option to fulfil the requirements in terms of THz pulse
power and duration is the laser-based THz generation. The achievable stability for the THz linac field
amplitude and phase in this case directly results from the stability of the source laser for the THz pulse
driving the THz linac. A 1% rms energy jitter and even below is already achievable as the current
state-of-the-art of Joule-class lasers [21], and would be compatible with the tolerances
aforementioned. The aspect of the phase stability remains to be investigated.
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Figure 3. Distribution and partition functions of o, (a) and oz (b) at the ICS point under jitters of the
THz linac field amplitude (a) and phase (b). The nominal bunch properties are given in Table 1.

2.2.2. THz linac misalignments. The THz linac translation respective to its nominal position has been
studied up to +/- 0.6 mm along x and y and up to +/- 1 mm along z. Its rotation respective to its
nominal position around the x and y axis has been studied up to 9 mrad (= 0.52°) with respect to the
THz linac entrance and up to 13 mrad (= 0.75°) with respect to the THz linac center. Figure 4 shows
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the bunch charge as a function of the THz linac misalignments as well as the properties and cases for
which the tolerances are the tightest.
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Figure 4. Charge losses as a function of a THz linac transverse offset (a) and rotation (b). Variation of
or and o; at the ICS point as a function of a THz linac transverse offset along y (c) and rotation around
y with respect to its center (d). Variation of o, and ¢, (resp. o, and ¢,) at the ICS point as a function of a
THz linac rotation around x (e) (resp. y (f)) with respect to its entrance. The nominal bunch properties
are given in Table 1.

Figures 4 (a) and (b) show that the charge losses start to become significant when the THz linac
transverse offset (resp. rotation) exceeds 200 pm (resp. 3 mrad (= 0.17°)). A 200 um transverse offset
starts to be reasonable for the electron bunch properties, the most affected (o) varying by +20% (for
an offset along y) as shown in Figure 4 (c). Conversely, a 3 mrad THz linac rotation is too big. In fact,
as shown in Figures 4 (d), (e) and (f), the variations of oz, oy, oy, €, 0, and &, could then respectively
exceed +75%, +250%, +50%, +65%, +100% and +140%. To keep under +20% these variations
requires a rotation below 1 mrad (= 0.06°) for o, gy, & and ¢,, and below 0.5 mrad (= 0.03°) for o and
o The asymmetry in the bunch properties variations with THz linac translation (rotation) along
(around) x or y, although the THz linac and its field are cylindrically symmetric, comes from the
asymmetric transverse focusing provided by the quadrupole triplet downstream.

The 200 um and 1 mrad (0.5 mrad) tolerances on the THz linac transverse offset and rotation are
well within what is achievable with commercially available precision positioning devices like
hexapods, which can be on the 10 nm and 1 prad levels for the absolute position. However, the THz
linac alignment will in practice be relative to the other beamline elements. Its practical precision will
therefore be ultimately defined by a beam-based alignment procedure, which precision is to be
investigated and very likely to be worse than the one of the positioning device.

2.3. Quadrupole triplet region

For the quadrupole triplet, we study the influence of a quadrupole gradients jitter and of quadrupoles
misalignments: translations along x, y and z and rotations around x, y and z (see Figure 1 for
definition).

2.3.1. Quadrupole gradient jitter. A detuning of the gradients is studied, first independently for the
three quadrupoles, in a range of +/- 2% around the nominal gradients. Only the bunch transverse size,
especially g, is found to be significantly affected by a quadrupole gradient detuning, especially of the
o quadrupole, for the studied range (see Figures 5 (a) and (b)). However, the variations of o, and o,
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become significant only for large quadrupole gradients detuning (typically > 0.5%), much larger than
the stability achievable in practice. In fact, commercially available magnet power supplies can deliver
a current stability at the 10 ppm level.

Even in the case where the three quadrupoles all have a high uncorrelated 0.5% rms gradient jitter,
the variation of o, remains below 10% (see Figure 5 (c)) and less than 10% of the shots exhibit for o, a
variation higher than +20% (see Figure 5 (d)). The quadrupole triplet gradients stability is therefore
not expected to represent a challenge for the investigated X-ray pulse source concept.
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Figure 5. Variation of o, (a) and o, (b) at the ICS point as a function of the quadrupole gradients
variations. Distribution and partition functions of o, (c) and o, (d) at the ICS point under an

uncorrelated 0.5% rms jitter of all the quadrupole gradients. The nominal bunch properties are given in
Table 1.

2.3.2. Quadrupole misalignments. The misalignments are studied independently for the three
quadrupoles. The translations respective to their nominal positions are studied up to +/- 0.5 mm along
x and y and up to +/- 1 mm along z. The rotations respective to their nominal positions are studied up
to 20 mrad (= 1.15°) around x, y and z. Figure 6 shows the properties and cases for which the
tolerances are the tightest.

A translation along y of the 3" and especially 2™ quadrupole mostly affects oz and o; (see Figures 6
(a) and (b)) and also, in a less extent, o, and &,. The asymmetry between the two transverse directions x
and y is due to the asymmetric transverse focusing provided by the quadrupole triplet, where the
electron bunch is first defocused in the y direction before being strongly focused. With a quadrupoles
alignment around or better than 30 um in the y direction, already demonstrated [22, 23], the variations
of og and g, would be kept below +8% according to Figures 6 (a) and (b).

The only quadrupole rotation found to have a significant influence on the bunch properties, for the
studied range, is the one around z. A rotation around z of the 1% (resp. 2"%) quadrupole especially
affects oy and ¢, (resp. oy and &,) as shown in Figures 6 (d) and (c). However, this influence will remain
limited in practical conditions. Indeed, even with a rotation of 0.5° (9 mrad), much worse than what is
currently achievable with a mechanical alignment, the variations of o,, and &, will remain below
+20% according to Figures 6 (c) and (d).
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y. Variation of oy (c) and ¢, (d) at the ICS point as a function of quadrupoles rotations around z. The
nominal bunch properties are given in Table 1.

2.4. ICS region

The achievable X-ray pulse properties with the layout shown in Table 1 have been investigated
through simulations (see [8] for details), showing its potential tunability between 2.9 and 11.5 keV
with, for 400 mJ laser energy, 1.5%10" to 7.7%10* photons/pulse in 1.5% rms bandwidth. In this
section, we study the influence of a misalignment between the electron bunch and the laser driving the
ICS process both in time and transversely, as well as the influence of a mismatch (without
misalignment) between the electron bunch and laser transverse sizes at focus. In addition to the
number of photons after collimation N, 4.1, We use the spectral photon density (SPD), defined as the
ratio between the number of photons and their rms bandwidth [24], as the figure of merit to be
maximized for the X-ray pulse quality.

N, ocon scales like the inverse of the bunch transverse size squared [24] and the photon pulse
bandwidth especially depends, among other contributions, on the bunch transverse size and energy
spread [25]. To have a deeper insight into the tolerances for the ICS region, we therefore study four
cases corresponding to four different sets of electron bunch properties, with different transverse sizes
and energy spreads. Case 1 is the reference shown in Table 1 and Case 2 is the same with the rms
transverse size artificially reduced to 6*6 um” These two cases have a relatively large (0.7% rms)
energy spread. Case 3 has been simulated with different beamline parameters and has the following
properties: <E> = 16.33 MeV, o = 23.8 keV, o, = 3.42 fs, 0,/0, = 10.0/9.1 pm and &,/e, = 0.212/0.195
n.mm.mrad, and Case 4 is the same with the rms transverse size artificially reduced to 6*6 um”. These
two cases have a relatively low (0.15% rms) energy spread (but longer length).

For the laser, we assume a wavelength of 1048 nm, 400 mJ pulse energy, a duration o, = 1 ps rms
(Gaussian) and a round Gaussian transverse profile with an rms value o, fixed to the average of o,
and oy of the electron bunch (except when a transverse size mismatch is considered).

Figures 7 (a) to (f) show the relative variation of N, g.,s and SPD for the four cases as a function of
the transverse and time offset between the bunch and the laser, and as a function of the transverse size
mismatch between them (the laser transverse size being varied). It also shows (Figure 7 (g)) the
distribution and partition functions of the bunch transverse offset at the ICS point, coming from a
simulation of Case 1 where all the jitters previously mentioned and assumed in the paper are included.
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Figure 7. Variation of N, g.,; and SPD for four cases (see text for description) as a function of the ICS
laser transverse offset (a & b), transverse size mismatch (c & d) and time offset (e & f) respective to
the electron bunch. Distribution and partition functions of the electron bunch transverse offset for Case
1 (g) under all the jitters assumed in the paper: RF-gun region: see Table 2; THz linac: 1% (field
amplitude) and 1° (phase) rms; Quadrupoles gradients: 0.5% rms.

Figures 7 (a) and (b) show that N, 4.,; and SPD decrease in a similar way whatever the case, and
that the transverse offset between the laser and the bunch should be below 1 unit of o, to keep their
decrease below -20%. As visible in Figure 7 (g), where Case 1 is considered, this is the case under the
jitters assumed in the paper, since the offset is below 5 um (0.470,,;) for all the shots and the rms value
of the distribution function is 1.8 pm (0.170, ).

Figures 7 (e) and (f) show that the cases with bigger transverse sizes (1 and 3) are the ones having
the slower decrease of N, g,z and SPD when the time offset between the laser and the bunch increases.
This is due to the decrease of the electron bunch and laser divergences in the vicinity of their focal
point when their spot sizes increase. This means that they remain close to their focal sizes in a wider
spatial range around their focal points, making N,a.; and SPD less sensitive to the time
synchronization between them. For all cases, the time offset is reasonable if it remains below a few
units of a;; (typically 2 times to avoid a decrease of N, g, and SPD greater than 15%). This means
that the synchronization between the bunch and the laser only has to be better than a few ps, which is
already demonstrated as achievable (see for example [26]).

Figure 7 (c) shows that for all the cases N, 4., decreases in the same way when the laser becomes
larger than the bunch. It is increasing for some time (before decreasing) when the laser becomes
smaller than the bunch, but in a different way according to the case. The cases with larger transverse
sizes (1 and 3) show a greater increase (up to +45% versus up to +25%) and with the maximum being
for a smaller laser size (o, reduced by 60% versus by 40%) than the cases with smaller transverse
sizes (2 and 4). This is due to the fact that the decrease of the number of electrons interacting with the
laser is more compensated for Cases 1 and 3 by the Compton scattering cross-section increase when
oy decreases than for Cases 2 and 4.
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Figure 7 (d) shows that the optimization of o, ; will be the most challenging for Case 1, namely for
bunches with large transverse size and energy spread. Indeed, it is for this case that the variations
around the SPD maximum are the sharpest. Besides, the SPD maximum is significantly translated
compared to the perfect matching since it appears for o,,; reduced by 40%, making it harder to find in
practice. For Cases 2 to 4, the optimization of o,.; will be less challenging and important than for Case
1. First, the variations around the SPD maximum are less sharp. Then, the SPD maximum is closer to
the perfect matching since the required o,; variation remains below 20%. Finally, the gain remains
limited since the SPD increase between the perfect matching and o,,;, maximizing it is below 10%.

3. Other challenges

3.1. THz requirements and generation

Table 3 gathers the THz pulse properties required to achieve the bunch properties shown in Table 1
and also the ones for f= 150 GHz (instead of 300 GHz). For 150 GHz, DLW transverse dimensions
twice as big as for 300 GHz have been assumed, namely @ = 1 mm and b = 1.1807 mm.

These properties have been calculated using a model starting from the electromagnetic field
analytical expression of the TMy; mode in the DLW [12, 13]. The value of b required to have a phase
velocity v,, equal to ¢ is determined by solving the dispersion relation, arising from the boundary
conditions. From the dispersion relation, the dispersion curve (frequency as a function of wavelength)
is computed, its derivative at f= 300 GHz (150 GHz) giving access to the group velocity v,. From v,
the THz pulse duration required to accelerate the beam over the full DLW length L is calculated. The
peak power required to achieve the desired field amplitude is obtained by integration of the complex
Poynting vector over a DLW transverse cross-section. Finally, the THz pulse energy is computed by
multiplying the peak power by the duration. Detailed information about the equations and procedures
used for the derivation of the properties shown in Table 3 are available in [8].

Table 3. Required properties for the THz pulse driving the THz linac, assuming a relative permittivity
& = 4.4 for the dielectric layer

f(GHz) Phase velocity Group velocity Duration (ps) Peak power (MW) Energy (mJ)
300 c 0.513c¢ 407 23.3 9.5
150 c 0.513c¢ 407 92.7 37.7

Four main methods are currently used to generate fields in the THz range: gyrotrons [27-29],
optical rectification of laser pulses in non-linear optical crystals [30-32], CSR/FEL radiation
generated in accelerators [33-35] and beam-driven wakefields (for example in dielectric-loaded
structures) [36-38]. The methods based on CSR/FEL and beam-driven wakefields require a
conventional accelerator with final bunch energy largely above a few MeV, the energy achievable
with a conventional RF-gun, and are thus incompatible with a compact X-ray source. However, the
beam-driven wakefield is the method coming the closest of the requirements of Table 3, if not
fulfilling them, and can thus be useful to perform proof-of-principle experiments. The gyrotrons are
currently limited to a few MW peak power, significantly below the requirements, but in long pulses.
To use them require to change of approach and not use a travelling wave structure, like the DLW
assumed in this paper, but a standing wave structure allowing stocking the THz energy and thus
increasing the power (= field amplitude) in the structure [39, 40]. Up to recently, the laser-based THz
generation was limited far below the requirements. Recent experimental results separately demonstrate
the generation of multicycle THz pulses fulfilling (or close to fulfil) the requirements on the duration
[32] and on the peak power [41], making laser-based THz generation an appealing candidate for our
concept. However, several challenges remain. Especially, the combination of duration and peak power
into a single pulse and the field amplitude and phase stability of a laser-generated THz pulse (see
Section 2.2.1) are still open questions and require research efforts to be addressed.
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3.2. Manufacturing of the dielectric-loaded waveguide

According to Figure 8 (a), the THz pulse phase velocity in the THz linac v,, is very sensitive to a
dielectric thickness variation. In fact, keeping the v,, variation below 1%o require for the DLW
manufacturing a dielectric thickness precision better than 150 nm, which is currently not achievable.
However, as visible in Figure 8 (b), v, also depends on the THz pulse frequency fand an error on the
dielectric thickness can be compensated by a change of f (typically 2 GHz/pum). It has been
demonstrated experimentally that the THz pulse frequency generated by optical rectification of a laser
pulse in a non-linear optical crystal is tuneable by changing the crystal temperature (for example with
a cryostat), with a rate around 0.3-0.4 GHz/K [42, 43]. The expected error on the DLW dielectric
thickness could (and actually would have to) be compensated by adjusting the temperature of the
crystal generating the THz pulse. A 1%o control level on v, translates into a 1 K control level on the
crystal temperature, currently achievable with commercially available cryostats.

Table 4 shows how a 1%o control level on v, affects the electron bunch properties by comparing
those obtained for v,, = 0.999¢ and 1.001c¢, after adjustment of the solenoid peak field, THz linac
phase and quadrupole gradients, with the reference ones for v,, = ¢ (also shown in Table 1). A
decrease to vy, = 0.999¢ comes with an around 50% increase of og and is therefore an issue. However,
og is preserved (and even slightly decreased) under an increase to v, = 1.001c¢. This suggests changing
vyi, for the reference working point from ¢ (assumed in this paper) to a slightly higher value. It will
therefore be interesting for future studies to investigate up to which v,, > ¢ the bunch properties are
preserved after proper adjustment of the solenoid peak field, THz linac phase and quadrupole
gradients. The objective will be to see if v,, can be sufficiently increased above c¢ to avoid the rapid
increase of og observed for v,;, < ¢, and also to refine the required level of control on vy,

S 1.02F < 1.02f

> =

£ 1.01 £ 1.01

o o

© 1 ° 1

> =

3 0.99} $ 0.99

2 B

o 0.98 S o 098 : : : : . :
-3 -2 -1 0 1 2 3 -6 -4 -2 0 2 4 6

Variation of dielectric thickness (um) Variation of frequency (GHz)

Figure 8. THz pulse phase velocity into the THz linac as a function of the DLW dielectric thickness
variation (a) and of the THz pulse central frequency (b). Nominal conditions: f= 300 GHz; ¢, = 4.4; a
=500 pum; b — a = 90.35 pm. Calculations have been made using the analytical model introduced in
Section 3.1 (Detailed information on this model are available in [8]).

Table 4. Electron bunch properties at the ICS point (Q = 1 pC), obtained after
adjustment of the solenoid peak field, THz linac phase and quadrupole gradients, for v,
= 0.999¢ and v,,, = 1.001c compared with the reference ones obtained for v,, = c.

Vi (€) <E>(MeV) or (keV) o:(fs) oJo,(pm) &g (m.mm.mrad)

0.999 17.65 185.4 1.48 8.3/10.4 0.234/0.185
1 17.65 123.2 1.31 10.6/10.5 0.226/0.189
1.001 17.41 106.8 1.32 8.6/7.4 0.223/0.188

4. Conclusions

We have presented an in-depth tolerance study and investigation of the main challenges towards the
realization of a hybrid and compact ultrafast (fs to sub-fs) X-ray pulse source, for which a schematic is
shown in Figure 1. These investigations allow defining what the most affected electron bunch
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properties at the ICS point are, and in which proportion, for variations of the parameters of all the
beamline elements compared to their nominal values.

For the RF-gun region, the stability of the gun parameters (field amplitude and phase) has to be at
the current state-of-the-art and even below to be satisfactory, which represents one of the main
challenges. On the other hand, the tolerances for the stability of the UV laser energy and pointing and
the solenoid peak field are more relaxed and less challenging.

For the THz linac, a field amplitude stability better than 1% rms is necessary, which is challenging
but compatible with the current state-of-the-art of the laser pulse energy stability. The question of the
THz source phase stability still needs to be investigated, but will surely be one of the main challenges
since it has to be significantly better than 1° (= 10 fs at 300 GHz). Another potentially challenging
aspect is the THz linac alignment. Its translations and rotations compared to the perfect alignment
have to be kept respectively below 200 pm and 1 mrad. While this is well within the current absolute
precision of positioning devices, the alignment precision will be ultimately determined by the beam-
based alignment procedure used to position the THz linac respective to the other beamline elements,
and might therefore be worse.

For the quadrupole triplet, all the tolerances in terms of gradient stability and alignment have been
found to be compatible with the current state-of-the-art, the tightest one being to keep the second
quadrupole offset below 50 pm.

For the ICS interaction region, a synchronization at the few ps level between the electron bunch
and the laser, achievable with the current technology, is sufficient. The transverse offset between the
bunch and the laser at the interaction point has to be kept below the few pum level. This has been
shown achievable in terms of electron bunch pointing jitter at the interaction point under the jitters
assumed in this paper for all the beamline elements. The laser transverse size optimization to
maximize the SPD is found to become more challenging when the bunch transverse size and energy
spread increases, because the laser and electron bunch transverse sizes are then significantly different
and the variations around the SPD maximum become sharper.

The requirements in terms of THz pulse properties to drive the THz linac have still not been
fulfilled all at once with the current technology. However, recent progress in laser-based THz
generation gives optimism that this challenge will soon be solved.

Finally, the very tight precision required for the DLW manufacturing to control the THz pulse
phase velocity is an issue. However, a tuning of the THz pulse frequency (achievable by tuning the
crystal temperature in laser-based THz generation) would allow compensating the manufacturing
errors and retrieve a value close to the desired phase velocity. An important future study will thus be
to determine the required control level on the phase velocity, by determining in which range the
electron bunch properties can be preserved through a proper adjustment of only the solenoid peak
field, THz linac phase and quadrupole gradients.
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