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Abstract

We study through simulations a layout mixing RF and THz technologies for a compact ultrafast X-ray pulse source based on Inverse Compton

Scattering (ICS), aiming to deliver few femtoseconds to sub-femtosecond pulses. The layout consists 6f an S-band gun as electron source and a

dielectric-loaded circular waveguide driven by a multicycle THz pulse to accelerate and longit i%press the bunch, before X-ray
MeV

generation via ICS with a laser pulse. We detail several schemes allowing optimizing the electro
preliminary layout and various working points able to deliver 0.1 to 5 pC bunches, ranging fro

erties. This optimization leads to a

erage kinetic energy, 0.4 to 5 fs

bunch p
; 3”}
rms length, 0.1 to 2.6% rms energy spread and 5 to 13 um rms transverse size. Simultaneously, the beamline is kept compact (= 1.3 m up to the

ICS point), which has not yet been achieved using only conventional RF technologies. The
simulations, showing the possibility to tune its energy between 2.9 and 11.5 keV. For 40,

1. Introduction

A concept for a compact X-ray source aiming to deliver fs
to sub-fs X-ray pulses through Inverse Compton Scattering

gun as electron bunch source and injector for a THZz* lina

(ICS) has been recently presented by the authors in Ref. 1 p
This concept is based on the use of a conventional S-band N

consisting in a cylindrical partially dielectric-
waveguide (DLW), as depicted in Fig. 1. The latter,is dri
by a multi-cycle THz pulse which is used to simu usly
accelerate the electron bunch up to 15-20 MeV and comp

it to an rms length on the single femtosecond o or below.
The S-band gun assumed in our study is,a 1.\0&S n

operating at 2.9985 GHz with its peak field fixed to
140 MV/m, which corresponds to the maximal gradient
experimentally achieved with a BNL/SLAC/UCLAsgun®. A

schematic layout of the concept is
hybrid concept is studied withi ontexth of the AXSIS
project* at DESY, where AXSIS stands fog Adtosecond X-ray
Science: Imaging and Sp?o / The, AXSIS project is

isplayed in Fig. 2. This

funded by an ERC grant and ai to/develop a compact
ultrafast X-ray pulse source“based on the use of THz
accelerating fields. The'reasons leading to study this hybrid
concept in parallel he fully THz-driven one intended as
a baseline design for the IS project have been exposed in
details in our preVious Article""The main one is that the THz
guns are still in_the early pHase of their development®” and
that several technical andibeam dynamics challenges have to
be overcome ‘before t? delivered electron bunch properties

es‘delivered by the current state-of-the-art

and high-brightness electron bunches.
n dealing with developing technologies, it is
preferable to introduce only one part at a time (the
for the concept we are developing) and to keep the
other components conservative and well-established.

The study performed in Ref. 1 was based on start-to-end
beam dynamics simulations from the photocathode up to the

?In this paper we consider the THz range of frequency as being between 100
GHz and 10 THz.

SS

of the X-ray pulse are investigated with
rgy, 1.5*10% to 7.7*10* photons/pulse
along the energy range) can be expected.

vant physical phenomena involved in each
part of thedayout shown in Fig. 2 and the choices made to fix
he VEI];;SS' f some parameters. A first set of simulated bunch

at the ICS point was also presented, revealing the
nt potential of the proposed concept to be a compact
Ce delivering fs to sub-fs X-ray pulses. The present article

ded\aims to continue this work by presenting various schemes

enabling the optimization of the concept and the generation of
significantly Dbetter transverse and longitudinal bunch
properties at the ICS point, simulating the ICS interaction to
evaluate the properties of the generated X-ray pulse for
various working points and defining some of the technical

requirements of the concept.
& Dielectric” |I ('\:/l)eatﬁl:\lg:
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channel
Fig. 1. Schematic of a cylindrical partially dielectric-loaded
waveguide.
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Fig. 2. Schematic layout of the ultrafast X-ray pulse source concept
introduced in Ref. 1 and further developed in this paper.

Section 2 introduces the basic concepts and formulas for
the cylindrical DLW used as accelerating structure. Section 3
presents several schemes to optimize the concept of compact
ultrafast X-ray pulse source defined in Ref. 1. Especially in
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/ ‘slb ection 3.1, it is shown that an appropriate choice of the

abSec of a function. The physical electromagnetic field in the DLW
Publishia Sosition of the transverse and longitudinal focal

is simply given by the real part of Egs. (1), (2) and (3). The

poiiits aiter the quadrupole triplet (see Fig. 2) leads to a
significant space-charge induced decrease of the electron
bunch energy spread previously induced in the THz linac to
generate longitudinal compression. In subsection 3.2, the
improvement of the transverse and longitudinal bunch
properties resulting from a simple transverse shaping of the
UV laser pulse driving the S-band RF-gun is presented.
Finally in subsection 3.3, the importance of the fine-tuning of
the phase velocity of the THz pulse driving the linac is also
reported. Section 4 presents the electron bunch properties
simulated at the ICS point for various potential working
points, before presenting simulation results for the X-ray
pulse properties obtained after ICS interaction with a laser.
Ways for extending the tunability range of the proposed X-
ray source are also introduced. The fifth and last section deals
with some of the technical requirements for the proposed
concept of ultrafast X-ray pulse source: required properties
for the cylindrical DLW and for the THz pulse driving it
(including power); generation of the required THz power;
impact of various jitters on the bunch properties simulated at
the ICS point.

2. Basic concepts and formulas for cylindrical dielectrR

loaded waveguides

The mode used for electron bunch acceler:

and
compression in the cylindrical DLW is the TMg; mo Ogbfo'h
ordinate

which the analytical expression in cylindrical “¢o
(r,0,2) can be expressed in its complex form as: \

E = {Emdo(klr)e“z”f t=kzz+90) if 0 < r < a\ 0
=

AFy, (kzr)e i2nft—kzz+@g) if

Swsb’
__ikfm‘l]é(klr)ei(znft‘k +"’°)<-b! <a
1

"{)if/ﬂSer’

ikzA ., ;
- kzz Fgo (kzr)el(7kz
——Zi”fs"Em’](’) 11‘)1)1%@“‘90) if0<r<a

E. = (2

k1
2infegerA
- kzO - OO(kZ
£
A=E o U B (kab)
M o (keflr) Yo (k3 b)~Jothegb) Yo (k2 a)

Hy = €)

el(ant—kZz+<po) if a<r< b’

(k2b)
Foo(kor) =0 (k3 _%Yo(kzr)»

co)nplex number, a and b are the dimensions
m Fig. 1, E,; is the on-axis peak field, f the THz
tral frequency, ¢y a phase shift, ¢ the time, ¢ the
ight in vacuum, v, the phase velocity of the THz
pulse in the DLW, g, the vacuum dielectric permittivity, ¢ the
relative dielectric permittivity of the dielectric filling
(assumed without losses), k. = 2aflvp, ki* = ki® — k2, k?? =
eko® — k2 (ko = 2xflc) and J, and Y, are respectively the
Bessel function of the first kind and second kind (Neumann
function)'?. The prime symbol (") indicates the first derivative

constant 4 and the functions Fy(k2r) and Fop'(k2r) in Egs. (1),
(2) and (3) are real as long as k; is real (namely when v,;, >
c/+\/€;) and become complex when k; becomes imaginary
(namely when v,;, < c¢/+/€,). In this paper, we consider only
relativistic electron bunches (= 5 MeV) implying that for
efficient acceleration vy, shas to be always very close to ¢
(namely less than 0.;/‘%/ different from c). A4, Fyo(kor) and
Fuo'(kor) are thereforéva s real in our study, since we
assume &, = 4.41 (quia and*wge will consider only this case
afterwards in the p c‘:lj

The first ame
cylindrical DLW 1

to be fixed when designing a
e radius of the central vacuum channel

a (see Fig. X). It's firstlimited by the fact that a has to be big
enough suchithat the.TMo mode can propagate in the DLW.
Namely, fhas te_remain above the cut-off frequency of the

LW. The value of a is then also dictated
on beam dynamics (the beam charge has to
through the DLW and the effects of the off-
axis €lectromagnetic fields must not significantly affect the
eam quality), on the required THz power (which for a given
desi %eak field E,; scales as a®) and on the coupling
efficiency of the THz pulse into the DLW (which decreases
a decreases).

Then, for a given frequency f and a given dielectric
material with the relative dielectric permittivity ¢, the
thickness b — a of the dielectric material is solely a function
of the desired wv,, which is fixed by beam dynamics
consideration (limitation of the phase slippage between the
electron bunch and the accelerating field). The required value
of b is determined by solving the dispersion relation, arising
from the boundary conditions in the DLW, which for the
TMo mode is given by Eq. (4) (see for example Ref. 11). In
Eq. (4) the only unknown is b, appearing in the term
Fyo(k,a)/Fyo(k,a), all the other parameters being fixed as
previously described:

ode in the

g0/ (k1a) _ g0&rFyo(k2a) _ (4)
kiaJo(kia)  kzaFoo(kz2a)

The dispersion curve w(k:) (where @ = 2nf) of the TMy;
mode around the desired frequency f can also be computed
from Eq. (4). For b being fixed to the previously determined
value, this is numerically done by solving Eq. (4) for £ (= vu»)
for several frequencies surrounding the desired central
frequency f of the THz pulse. The group velocity v, of the
THz pulse in the DLW is then obtained by computing the
derivative of the dispersion curve w(k:) of the TMy; mode at
the central frequency f of the THz pulse. From this, the
minimal duration 7 of the THz pulse driving the DLW
required for an acceleration length (= THz linac length) L can
be computed. It is simply equal to the difference of travel
time between the electron bunch and the THz pulse over the
length L. Assuming relativistic electrons for which the
velocity remains always very close to ¢, which is the case in
this paper, it can be approximated by:

_ L(c—vg)
cvg

T &)
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Parameters related to the THz linac section: Z;

PUbliSh]ifng:t important formula is the one to compute the (distance between the photocathode and the THz

tequiicd 1z power in the DLW to obtain the desired peak
field E,;. This can be derived using the complex Poynting

V€Ct0r§:
= 1= 2y
S :EE X HY,

with E being the electric field and H* the complex conjugate

of the magnetic induction H. The average power over one
period, which is in our case equal to the average power,
flowing through a surface is given by the real part of the

integral of S over this surface. For the TMo; mode and in our
case where k; is real, one has Sy = 0, S, purely imaginary and
S. purely real. The average power in the DLW < P >y, is
therefore given by the integral of S. (= EJH,") over a
transverse cross-section of the DLW perpendicular to its
revolution axis (including both vacuum and dielectric parts).
Considering that the TMy; mode is cylindrically symmetric,
one finally obtains:

r=b «
<P >ry,=m), _, E-Hordr. (

driving the TMy; mode in the DLW to reach both the re

NI~

ETHZ =< P >THZ T. 7)

peak accelerating field E,; and acceleration le
trivially given by:

Note that Ery: is the energy of the THz pulsehﬁdinside
the DLW and therefore does not include the lossesidue to the

fact that the coupling efficiency into/t! W is lower than
100%. The THz energy required for«the congept is therefore
effectively higher than Ery..

£

3. Optimization schemei/gf the ompﬂct ultrafast X-ray

pulse source concept
at}m ICS point presented in Ref. 1

that several aspects have to be
imize the concept of compact
sourc?hown in Fig. 2. Especially, the
and energy spread obtained in

Ref. 1 were still rathexsnig for an X-ray source based on ICS.
¢ detail several schemes we use to improve

the bun¢h properties at the ICS point in ASTRA simulations'?

i }(-ray pulse source concept.

The bunch properties

Q

the paper, the following notations will be

. will be the longitudinal position along the
beamline (zero corresponding to the photocathode).

e  Parameters related to the S-band gun section: £, (S-
band gun peak field), By (solenoid peak field), o, vy
and o,y (rms transverse size and length of the UV
laser pulse driving the S-band gun).

linac entrance), E,; (THz linac peak field), f'and v,
(central frequency and phase velocity of the THz
pulse driving the THz linac).

o Goi, Gg; and Gps; will denote the gradients of the
three quadrupoles used for the final transverse
focusing (a posifive gradient is chosen as being a
quadrupole fg ing in the horizontal plane and

defocusing in the vertical plane).

e  Electron bunch jproperties: O (charge), <E> (mean

kineticfenergy), o (rms energy spread), o; (o;) (rms
duration/length), ey and o, (horizontal and vertical

and ¢, (horizontal and vertical rms

s@) an
alized.gmittances).

3.1. Space-cha
spread induced

duced reduction of the correlated energy
the THz linac

e

One ofithe key features of the ICS process is that all the
lectro(?sir onstituting the bunch contribute equally to the

) emitted radiation, while for a free electron laser (FEL) only a
\S::E f the electron bunch is involved. The consequence is

SN

6
The minimal energy to be contained in the THz ulig\J_O maximize the quality of the emitted radiation, and not just
q
L1

the projected values of ¢, ¢, and or have to be minimized

only the slice values of these quantities. This is a challenging
objective for the hybrid concept presented in this paper. First,
as explained in Ref. 1, & and ¢, are limited by the fact that
oruy has to be set to a rather large value to minimize the
bunch length at the THz linac entrance, implying a
proportionally large value of the thermal emittance at the
cathode'. Second, the electron bunch has to be injected off-
crest in the THz linac in order to produce the correct chirp to
compress it by velocity bunching!®. Due to the high-
frequencies simulated in the THz linac (f > 150 GHz), it
results in a large increase of the correlated energy spread of
the bunch o corr.

3.1.1. Introduction to the phenomenon

Fortunately, the correlated energy spread induced by the
compression in the THz linac and the transverse emittances
can be reduced significantly during the final transverse
focusing of the electron bunch by the quadrupole, but &, and
&, still remain ultimately limited by the thermal emittance.
These effects are illustrated in Fig. 3, where the evolutions of
Ox, Oy, 01, €, & and og from the THz linac exit up to the ICS
point are displayed for a typical example case and compared
with the quadrupole triplet for the final transverse focusing
switched off and on.

Fig. 3 (right plots) clearly shows that the final focusing
helps to significantly reduce ogz. This decrease of oz is
generated by the space-charge forces, which are the forces
generated on any electron of the bunch by the bunch
electromagnetic field. Indeed, at the THz linac exit the
electron bunch exhibits a negative chirp of its longitudinal
phase-space, namely with the fastest electrons in the tail and
the slowest in the head, implying a ballistic compression (left
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Iols). During this compression phase the space-charge

Pu bjlkiS:hsi,ﬂg] ch imply a gain of energy for the electrons in the

licad aind a loss of energy for those in the tail, naturally reduce
the energy spread. This reduction is already visible without
final transverse focusing by the quadrupole triplet (top right
plot), but is strongly amplified by the final transverse
focusing (bottom right plot) because the electron bunch
becomes much denser and therefore the space-charge forces
much stronger. Note that this reduction of oz reduces the
velocity differences between the electrons of the bunch and
therefore weakens the strength of the compression. This effect
is visible by comparing the top left and bottom left plots of
Fig. 3. However, since the chirp induced by the THz linac is
very strong and the decrease of or mainly happens very close
from the ICS point, this effect remains limited (o, at the ICS
point increases from 0.9 fs to 1.2 fs in the example case of
Fig. 3 when the quadrupole triplet is switched on). More
explanations on how the trade-off between oz and o, is
defined are given in Secs. 3.1.2 and 3.1.3.
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Fig. 3. Evolution of oy, o, and 6; t{lots) nd of ¢, €, and o¢
(right plots) from the TH{‘inac exi u{eto the ICS point.
Quadrupole triplet for final transverse focusing switched off (top
plots) and on (bottom Con

MV/m; En = 115 MV,
0.258 T; o,uv = 0.5
-19.5 T/m; Ggsz = +

ot?))o ions: Q = 1 pC; Epg = 140
= 300 GHz; vpp = ¢; L = 12.8 cm; By =

ﬁ)(d&ht plots) also shows that the final transverse
focusing causes a reduction of the transverse emittances, but
that it is ngt symmetric between &, and ¢,. It is indeed stronger
in the plane where the bunch is defocused by the first
quadrupole and then undergoes a strong focusing (bottom
right plot), which is the y plane in our example.

The effect of the final transverse focusing on & and ¢,
remains almost unchanged if the conditions other than the
gradients of the quadrupoles are changed. This is not the case

for or and o, which are especially sensitive to two conditions:
the position of the ICS point (= of the electron bunch
transverse focal point) and the electron bunch transverse size
at the THz linac exit (= at the entrance of the quadrupole
triplet).

3.1.2. Influence of the position of the ICS point

To quantify a chanzgzéf the position of the ICS point along
the beamline, noted Zjes thereafter, a reference independent
on the quadrupole tfiplet settings is required. We choose to
use for this purp ept‘é position of the longitudinal focal
point along the _beamline when the quadrupole triplet is

of the ICS o0 quantified by the parameter AZ; =
ZICS Z/ong-
Pragfieally, studied the influence of the position of the

ICS paint on the achieved bunch properties by changing the
positionef the l§121drupole: triplet compared to the case shown
i Fig. 3, ich Zj,ng = 1.295 m, which results in a change
of, Zies~and thus AZ, Namely, a global longitudinal
anslat'z;)—n of the quadrupole triplet has been applied and Gp;3

in some cases slightly modified (at maximum by

and o, at the same Z position along the beamline (Zcs).
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_______ Fig. 4 displays the impact of the position of the ICS point,
o 14 \u

quantified by AZj, on the bunch properties at the ICS point.
AZ;, = -24 mm corresponds in this example to the case where
the field of the first quadrupole starts right at the THz linac
exit, which is the lowest possible value of AZ. Fig. 5 displays
the evolution of oz and o; from the THz linac exit up to the
ICS point and around the ICS point for three cases extracted
from Fig. 4: AZ;, = -24 mm, -10 mm and +10 mm.

Fig. 4 (top) shows that oz and o; at the ICS point evolve
differently with AZ;, namely o; exhibits a minimum around
AZ; = +10 mm while or decreases with AZ; and is still not
minimized for the lowest possible value of -24 mm. A trade-
off has therefore to be made between or and o; at the ICS
point. Fig. 5 (left plots) illustrates the reason explaining these
different behaviors. Namely, an increase of AZ; implies that
the final transverse focusing with the quadrupole triplet, and
therefore the decrease of oz shown in Fig. 3 (right), will start
farther from the THz linac exit, that is to say at a point where
the bunch compression is more advanced and a larger part of
the correlated o has already been transferred to uncorrelated
or (which cannot be removed by space-charge forces). As a
result, the reduction of oz by the space-charge forces becomes
less efficient (see Fig. 5 top left). On the other hand, the less
efficient reduction of oz with the increase of AZ;, implies that
the bunch compression is less affected and is therefore more
efficient (see Fig. 5 bottom left). However, if AZ; becomes
too high o; will start to increase again simply because the ICS
point (= transverse focal point) is located too far after the
position of the longitudinal focal point when the quadrupole
triplet is switched off. Note that in principle, there is a value
of AZ, below which or at the ICS point should start to
increase again because o; in the final focusing region would
become too big, implying that the bunch density and therefore
the space-charge forces decrease too much and reduce the
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ffitiency of the reduction of oz This value of AZ; is
Pu b]llb&hifﬂlgt ot achievable for the example presented in this

SULLIVULL.

and o, are close to each other (almost transversely symmetric
bunch) and not significantly bigger than at AZ, = -24 mm.
Furthermore, Fig. 5 (right plots) shows that this value of AZ;
allows obtaining first order derivatives of oz and o; with

T d:“- respect to Z which are close to zero at the ICS point. This
1.55 - —=— Gt : ey o Co .
________ - & 1470 implies that o and o, exhibit small variations in the Z interval
I arrOE A where the electron bunch interacts with the laser around the
1.45 | i ] ICS point®, which is a, desired property. Note that the
- - = 1150 < variations would be hi?/er for a different choice of AZj, (see
E 1.35 | e 2 Fig. 5 right plots).
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1(_)25 15 5 5 15 S - Fig. 5. Evolution of o; (top left) and o; (bottom left) from the THz
AZjt (mm) linac exit to the ICS point for three cases extracted from Fig. 3: AZ);
. . . . . . i =-24 mm, -10 mm and +10 mm. The plots on the right are zooms
120 | around the ICS point. The black lines mark the position of the ICS
| \ point (= transverse focal point). Conditions: see caption of Fig. 3.
80 f \ . .
~ 3.1.3. Influence of the bunch transverse size at the THz linac
3 exit
= 40
8
& Fig. 6 displays the impact of the bunch transverse size at
0 the THz linac exit on the bunch properties at the ICS point for
AZ), fixed to -10 mm (see Fig. 5). The transverse bunch size at
the THz linac exit has been artificially varied in ASTRA and

Fig. 4 iddles shows that the choice of the position of the
int hassaimited impact on the transverse aspect of the

o. We will therefore not use oy, as a primary
criterion to fix the position of the ICS point. We choose to fix
AZy at the value where oz o at the ICS point is zero which is
around -10 mm in this example case (see Fig. 4 bottom plot).
As visible in Fig. 4 (top) this point is a good trade-off
between or and o, and Fig. 4 (middle) also indicates that o

does not come from a change in the simulation conditions.
Fig. 6 (top) shows that gz and o; at the ICS point evolve
differently as a function of the bunch transverse size at the
THz linac exit, namely o; exhibits a minimum (around 155
um in this case) while oz decreases with this size. A trade-off
has therefore once again to be made between o and o; at the
ICS point. The reason for the decrease of ox at the ICS point
is simply that when the transverse bunch size at the THz linac
exit is reduced, the bunch density and therefore the space-
charge forces increases, making the reduction of of presented
in Fig. 3 (right) more efficient. This more efficient reduction
of or intrinsically comes with an increase of o; at the ICS
point (see Fig. 6 top). Fig. 6 (top) also shows that if the
transverse size at the THz linac exit is too large, o; at the ICS

5 In the case of a head-on collision, the interaction distance with the laser
Zint is estimated to two times the duration T; of the laser pulse (multiplied by
c) if this value is shorter than two Rayleigh lengths, otherwise it is estimated
to two Rayleigh lengths: Z;,,, = 2¢T, or Zi = 810 /A,
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oifit will start to increase again. This is due to a simple
Pu b;!;kS:hll:lf}gz | effect, namely that the larger the beam the more
ditfciciice in the path length, and therefore travel time, of the
transversely innermost and outermost electrons of the bunch
in the focusing region up to the ICS point. This effect leads to
an increase of ¢, which is more than linear with the transverse
bunch size at the THz linac exit. If the transverse bunch size
at the THz linac exit becomes too large, this geometrical
increase of o, overcomes the gain due to the decrease of
space-charge forces and o; at the ICS point starts to increase
again.

Finally, Fig. 6 (bottom) illustrates an additional reason not
to use too small transverse bunch size at the THz linac exit.
Namely, o and o, increase which reduces the number of X-
ray photons generated via ICS. Furthermore, o, and o,
significantly differ from each other meaning that the bunch
has a strong transverse asymmetry at the ICS point. This
makes the transverse matching with the laser driving the ICS
more difficult and is therefore not desired. For the example
presented in this section a good trade-off between o, o;, ox
and o, is to have a transverse bunch size between 110 and 130
um at the THz linac exit. Note that the optimal value of this

3.2. Transverse shaping of the UV laser pulse driving the S-
band RF-gun

In Ref. 1, we used in our simulations a 3D Gaussian laser
pulse to drive the S-band RF-gun, which is not optimal for
our concept. The laser pulse rms length o,y we use in our
simulations is 75 fs, which is too short to perform any
longitudinal shaping.zg therefore fixed it to be purely
Gaussian and restrain“ourselves to study the influence of a
transverse shaping f“the laser driving the RF-gun on the
achievable bunch erties

We compared_fou

ifferent transverse profiles for the UV
-gun, having all the same rms
transverse size guuy = mm. They are shown in Fig. 7 and
ignsfaleng a radial direction are depicted in Fig.

is the Gaussian transverse profile, which is

ate“experimentally but is known to lead to
3 space-charge forces. The second one is the

rdadial tran e profile, which is a transversely uniformly
ed cylinder, for which the projection is a half-ellipse and
e non‘—;i, ar effects of the space-charge forces are limited to
ansverse edges of the electron bunch. The third one is a

rsely uniformly filled ellipsoid, for which the

transverse size depends strongly on the case considered and i th
also a function of the first derivative of oy, respective to Zgat trans
the THz linac exit and typically increases if this derivativ jéction is an inverted parabola and the space-charge forces

decreases.

/i
VP
G at the ICS poin eV)\/

Gt at the ICS point (fs)
&

14 F 1
1100

13 F

12 80

. . - .
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Rms transverse si ?the THZYipa¢ exit (um)
ﬂ‘ 5

Oy =t |

O'y---u--- 4

Ox,Oy at the ICS point (um)

100 120 140 160 180
“Rms transverse size at the THz linac exit (um)

Fig. 6. and o; at the ICS point as a function of the bunch
transverse Size at the THz linac exit (top). oy and oy at the ICS point
as a function of the bunch transverse size at the THz linac exit
(bottom). AZ is fixed to -10 mm (see Fig. 5). Conditions: see
caption of Fig. 3. Note: the transverse bunch size at the THz linac
exit has been varied artificially in ASTRA and does not come from
a change in the simulation conditions.

\;ree purely linear. The last one is a Gaussian cut at 1c and has

en studied based on the fact that the second order Taylor
expansion of a Gaussian is an inverted parabola. This profile
is therefore close to the uniform ellipsoid, as visible in Fig. 8,
and shows deviation to it, and therefore non-linear effects of
the space-charge forces, mainly in the transverse edges of the
electron bunch.

We simulated the electron bunch properties obtained at the
ICS point with this four transverse profiles in almost identical
conditions on a typical reference case. Gg; has been slightly
modified between the cases in order to keep the minima of oy
and o, coincident at the ICS point. The position of the first
quadrupole respective to the linac exit has also been modified
in order to ensure that the contribution of the space-charge
induced reduction of the correlated energy spread (see Sec.
3.1) remains the same for the four cases, which means having
the same ratio between ogc.r and oz The results of this
comparison are gathered in Table 1.

Table 1 shows that the radial, ellipsoid and Gaussian cut at
1o transverse profiles all lead to a significant improvement of
all the electron bunch properties (including oz and o))
compared to the purely Gaussian transverse profile. Between
these three profiles only marginal differences appear in the
bunch properties. We therefore choose to use in the following
the Gaussian cut at 1o transverse profile for three reasons.
First, it is technically feasible since in our simulations we use
only rather large values of o,,yy (= 0.3 mm) to establish the
various potential working points. Second, it is technically
much simpler to generate than the uniformly filled ellipsoid.
Finally, it will require less energy in the UV laser pulse than
the radial profile, which is often generated by cutting a
Gaussian profile much tighter than 1o. Other less destructive
techniques, like the use of diffractive optical elements (see for
example Ref. 15), are currently used to generate a radial
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tofile while more preserving the initial laser pulse energy.

Pu b]lahshu‘ryga ¢ also technically more complicated to implement

tiaii a cut at 1o of a Gaussian transverse profile.
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Fig. 7. The four transverse profiles compared for the UV laser
pulse driving the S-band RF-gun. (1): Gaussian; (2): radial; (3):
uniformly filled ellipsoid; (4): Gaussian cut at 1c. All profiles have
the same rms transverse size og,yy = 0.5 mm. Note that (4)%is
therefore not a cut of (1).
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Fig. 8. Projections on a radial“direction«of the four transverse
profiles depicted in Fig. 74(1): Gaussian; (2): radial; (3): uniformly
filled ellipsoid; (4): Gaussian cut at 1c. All profiles have the same
rms transverse size gzuy = 0.5 mm. Note that (4) is therefore not a
cut of (1).

This significant improvement of the bunch properties with
an appropriate choiceqof the initial transverse profile can be
explained-by cemparing the evolution along the beamline of
the electron bunch*preperties for the Gaussian and Gaussian
cut at 1o\ransverse profiles of the UV laser driving the gun.

Concerning the transverse properties, Fig. 9 shows that the
transyerse, emittance improvement is located between the
photocathode “and the THz linac entrance, the relative
difference, remaining almost constant thereafter. This
improvement is explained by the linearization of the space-
charge forces induced by the Gaussian cut at 1o profile
compared to the Gaussian one. This leads to an almost
constant transverse emittance before the THz linac, while it is
almost doubled for the Gaussian transverse profile.

Table 1. Bunch properties simulated at the ICS point with the four
transverse profiles at the cathode introduced in Figs. 7 and 8.
Conditions: Q = 1 pC; Emg = 140 MV/m; Epy = 115 MV/m; f = 300
GHz; vpp = ¢; L = 12.8 cm; B = 0.258 T; o,yv = 0.5 mm; oy yy = 75 fs;
Z = 85 cm; Gg; = +9 T/m; Ggz = -20.2 T/m; Ggsz = 24.5 T/m
(Gaussian), 24.2 T/m (ellipsoid), 24.1 T/m (radial) and 24.3 T/m
(Gaussian cut at 10).

Profile Gaussian  Radial  Ellipsoid Gaussian
cutat lo
<E> (MeV) Y77 7.7 17.7 17.7
ok (keV) 212.8 113.5 118.4 118.2
o (fs) 1.6 1.4 1.5 14
ox/oy (Lm) 12.7/15%9 8.8/10.5 8.5/10.1 8.4/10.2
&xley 0.396/ 0.236/ 0.228/ 0.226/
(m.mm.mrad) 0.329 0.205 0.195 0.196
0.45 ---Gaussian T 0
= Gaussian cut at 16 / TN
g 04 —— Variation / +-10
€ 0.35 |, &
E c
E 03 S
£ I
< 0.25 5
w >
0.24-7".
0 0.2 0.4 0.6 0.8 1 1.2 :
Z(m)
0.45 ---Gaussian ' ,,;—~\\ 0
Gaussian cutat1c \
5 04 — Variation K ‘' 1-10
g g
E s
g g
&

0 02 04 06 08 1 12
Z (m)

Fig. 9. Evolution of &, (top) and ¢, (bottom) from the cathode to
the ICS point for the cases presented in Table 1 with Gaussian and
Gaussian cut at 1o transverse profiles for the UV laser driving the
gun. Variation refers to the relative difference between the value
for the Gaussian profile cut at 10 and the value for the Gaussian
profile. Conditions: see caption of Table 1.

Fig. 10 shows that the transverse size improvement
happens at the end of the final focusing by the quadrupole
triplet. It is a direct consequence of the reduction of the
transverse emittance, which naturally allows for a tighter
transverse focusing of the electron bunch.

For the longitudinal properties, Fig. 11 shows that the
reduction of o; mainly happens in the gun and especially close
from the photocathode, namely in the first two centimeters
that is to say the first half-cell of the gun. This decrease is
explained by the fact that the travel time of an electron in the
gun quadratically depends on, and actually quadratically
increases with, its transverse offset. This is due to the facts
that the longitudinal electric field, and therefore the energy
gain, decreases with the transverse offset and also that the
path length becomes longer because of the force imprinted by
the RF magnetic field in the gun. The Gaussian cut at 1o
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Conditions: see caption of Table 1.

offsets than the purely Gaussian one (see Fig. 7).
previously explained, these outer electrons exhibit
larger travel times than the inner ones. This results 1
smaller spread of the travel times of the electrons &gﬁun
and therefore a shorter bunch length. After the , Ahe.,

-
transverse profile exhibits less electrons with large transve se\ ol
x\ 6

“‘h\ £
2
N
©

variation of o, is slightly reduced in the drift the\I'Hz
linac entrance and is almost constant ip the ion “of
longitudinal compression between the THz % WC and
the ICS point.

Fig. 12 shows that the reduction of g for the ssian cut

the ssian transverse
f the beamline: in the

at the end of the final focusi pole triplet. In
the gun, this reduction cozg‘

for the Gaussian cut at 1o ‘tran

RF-induced energy spr

rse profile and therefore the
1s lower=~At the linac entrance, o; is
still shorter for the ian cut at 1o transverse profile (see
Fig. 11). As a result, the“energy spread induced by the off-
crest injection il_the’ THZz%linac, necessary for bunch
compression, is-smaller wl}iéh explains that the variation of

1]

nd trangversely tighter focused (see Fig. 10) for the
HS transverse profile. The space-charge forces
nger, by a factor around 2.7, and the space-
ueed reduction of the correlated energy spread
in Sec. 3.1 is much more efficient, explaining that
or decreases much more than for the Gaussian transverse
profile at the end of the final focusing by the quadrupole

triplet.
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Fig. 11. Evolution of o, from the cathode to the ICS point (top) for
the cases presented in Table 1 with Gaussian and Gaussian cut at
1o transverse profiles for the UV laser driving the gun. Middle
plot: zoom on the gun region. Bottom plot: zoom on the cathode
region. Variation refers to the relative difference between the
value for the Gaussian profile cut at 16 and the value for the
Gaussian profile. Conditions: see caption of Table 1.
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3.3. Fine-tuning of the phase velocity of the THz pulse driving
the THz linac

the phase velocity of the TMy; mode in the DLW is equal
c. However, it can be seen in Fig. 13 that this value
optimal for /< 300 GHz. Indeed, for f'= 150 GHz, it,s visi
that after the off-crest injection, necessary \bﬁch

compression, the phase slippage is too slow and th ch
exits the THz linac still being far from the

ed in“Fable 1 with Gaussian and Gaussian cut at 1o
op right: zoom on the cathode region. Bottom

ion. Variation refers to the relative difference
rofileionditions: see caption of Table 1.

-

alteady exits the linac very close from the crest of the

field for vy, = ¢ (see Fig. 13).

=1.002c. It clearly shows that v,, = 1.002c¢, thanks to the

ccelerttli—

ic. 14 shows the evolution of the bunch energy gain

In Ref. 1 and up to now in this paper, we considered t%&fi t along the THz linac for /= 150 GHz at v,;, = ¢ and
to =

ﬂot\fa[lster phase slippage, allows the bunch exiting the linac very

close to the crest of the accelerating field (113.5 MV/m
compared to 115 MV/m peak field), thus optimizing the use
of the accelerating field. The optimal value of v, is a function
of f, E.i, L and the energy of the electron bunch at the THz

accelerating field (88.5 MV/m compared t k linac entrance. Note that the increase of v, resulting in a
field). On the other hand, for /=300 GHz, e'slippage faster phase slippage, requires to significantly change the
is faster and the bunch exits the THz linac closetg, the crest of injection phase into the THz linac, namely to go more off-
the accelerating field (111.3 MV/m cempared to [+5 MV/m crest as visible in Fig. 14.

peak field).

120 ; ' | | | |
| goop e
s -
| S
€ ) e
< 100 2 s} i |
= 5 L
= 80 5 60F - |
o g | .
| 2 40t.” |
5 60 |
o
% : _
o E’ _
) 2 0 :980—20_ -
= _ r Vpoh = 1. Corerenes ]
| — B g PhMaximUm
& f= 150 GHz -+ : . l ‘ . ‘ l
_MedmmT 2 4 6 8 10 12
6 8 10 12 .

olution Y the bunch energy gain gradient along the THz

ifferént accelerating frequencies f. Conditions: Q = 1
/m; Epy = 115 MV/m; v = ¢; L = 12.8 cm; By =
300.GHz) & 0.249 T (f = 150 GHz); 0,0y = 0.5 mm; o¢uy =
75 fs; Z, =85 cm.

In this sub-section, we will optimize v,; for f'= 150 GHz
such that the bunch exits the THz linac very close from the
crest of the accelerating field and look at the impact on the
simulated bunch properties at the ICS point. We will not try
to perform this optimization for f'= 300 GHz, since the bunch

Fig. 14. Evolution of the bunch energy gain gradient along the THz
linac for two different phase velocities v, of the accelerating field.
Conditions: Q = 3.75 pC; Emg = 140 MV/m; Ep, = 115 MV/m; f = 150
GHz; L =12.8 cm; Bo = 0.246 T (v = €) & 0.238 T (v, = 1.002c); 0,0
=0.7 mm; o,uv=75fs; Z;=91 cm.

Table 2 presents the electron bunch properties at the ICS
point for the two v,; simulated in Fig. 14 in the THz linac. It
is visible that oz is significantly affected by a change of v,
since it is decreased by a factor of 2 when increasing v,;, from
c to 1.002¢. The other electron bunch properties are much less
affected since they vary by 5% at maximum. To understand
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/ \ﬂleExplan ition of this reduction of oy it is interesting to look

Pubdist Rgution along the beamline for the two v, simulated

i1 tiis scoeuon, which is shown in Flg 15.

Table 2. Electron bunch properties at the ICS point for the two v,
simulated in Fig. 14 in the THz linac. Conditions: see caption of Fig.
14; Gq; = +7.1 T/m (vpn = €) & +5.75 T/m (v = 1.002c); Gqz = -16
T/m (vpn = ¢) & -14.25 T/m (vpn = 1.002c); Gg3 = +16.25 T/m (vph = €)
& +15.2 T/m (vpn = 1.002c).

Vph <E> oE (fs) oxloy &xley
(© (MeV) (keV) (pm) (r.mm.mrad)
1 1524 200.6 3.31 11.3/11.9  0.393/0.293
1.002 15.33 100.7 3.38 10.7/11.4  0.375/0.300
400 : .
—==Vph=C
[ eneeene Vo = 1.002¢ ,"‘~\\
300+ I VA
I \
— [} o\
3 ¥ 2
< 200+ H L\
¢ i '
]
i
100 i
i
! i
]
Ol e = 2
0 02 04 06 08 1 12 14
Z(m)
F T pups
—==Vph=C // < . S -
300f ........ Von = 1.002¢ /,’ a|
= /,’-"““ \
= 200} P \
R
S 57 8
7
100 - 7 ]
7 \ ]
WA -

7
Om\',n L L 1/ L L
0.92 0.94 096 8 1 1.02 1.04
\\Z(m

300+

200

EW)

- oo Vpp = 1.002¢

o (keV)

0126 128 13 132 134 136

Z(m)
Fig. lhliﬂen of o from the cathode up to the ICS point for
the two "y, simulated in Fig. 14 in the THz linac (top). Middle:
Zoom on the THz linac region. Bottom: Zoom on the final focusing
region. Conditions: see captions of Fig. 14 and Table 2.

Fig. 15 (top) shows that the difference on o5 between the
two v,,; happens mainly in the THz linac. Indeed, at the end of
the THz linac the difference between v,;, = 1.002¢ and v,, = ¢

is around 85 keV (see Fig. 15 middle plot), which is close to
the final difference of 100 keV (see Table 2). No significant
difference is introduced by the space-charge induced
reduction of the energy spread during the final transverse
focusing (see Fig. 15 bottom). As visible in Fig. 15 (middle
plot), the gain on or for vy, = 1.002¢ compared to vy, = ¢
happens in the second half of the THz linac. This is due to the
fact that after around 5.5 cm in the THz linac, the bunch
becomes closer to the crgt of the accelerating field, where the
induced energy spreadfis minimal, than in the case for v,, = ¢
and continues to #Shp, faster_towards the crest of the
accelerating field an,pt?r vpn = ¢ (see Fig. 14). As a result,
the increase rate of oy starts to slow down and becomes
almost zero at the"[Hz c exit for vy, = 1.002¢, while it
little™for v,» = ¢ (see Fig. 15 middle plot)
1 value of gg.
ted in this sub-section that a fine-tuning of

=

spread ach le at the ICS point, since o is a fast varying
ction‘bivph. According to Sec. 2, this fine-tuning of v
nslates ifito a fine-tuning of the dielectric thickness b — a in
. This means that the margins for production errors

a
theDLW.
\::il DLW are very tight and that it must be produced with a

mechanical precision. As an example, in the vicinity of
vy = ¢, the change of v, reaches 1% if the error of b — a is
45 pm at f= 300 GHz and 2.91 um at f'= 150 GHz. In
particular, this means that the two cases presented in this sub-
section (Vs = ¢ and v, = 1.002¢ at f'= 150 GHz) differ only
by around 600 nm in the value of » — a required for the DLW.
Fortunately, v,, is also dependent on f. As a result, a
production error for the value of » — a could be compensated
by adjusting the frequency of the THz pulse driving the linac
as it has been reported in Refs. 16 and 17. Furthermore,
thanks to their small dimensions (width in the millimeter
range and length in the range of ten cm), the DLW are fast to
be produced and much easier to be replaced in a beamline
than a conventional RF accelerating structure. This allows the
possibility to quickly exchange a DLW in case of a
production error which cannot be overcome by an adjustment
of the THz pulse frequency. Finally, the small dimensions of
a DLW could also be used to place several DLW with
different properties (f, L, vy, etc.) in the beamline with the
possibility to switch between them. This will enable
achieving different electron bunch properties (<E> in
particular) which could then be used for different applications
(different X-ray energies for the case of the ICS source
developed in this paper).

4. Simulated properties of the X-ray pulse generated via
ICS

Following the steps and optimization schemes introduced
in Ref. 1 and in Sec. 3 of this paper, we simulated several
potential working points using the ASTRA code'? for the
beam dynamics up to the ICS point. More details on how the
THz linac is modeled into ASTRA can be found in Ref. 18.
The distribution obtained with ASTRA is then exported into
the CAIN Monte-Carlo code'®, which is then used to simulate
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/ \ﬂle interaction of the electron bunch with the laser, leading to

Pu b1|liSEH1|ﬂ:g1 ion of the X-ray pulse via ICS.

4.1. Electron bunch properties simulated at the ICS point

We simulated the beam dynamics up to the ICS point for
bunch charges varying from Q = 100 fC to O = 5 pC and for
two frequencies of the THz pulse driving the THz linac,
namely f'= 300 GHz and f'= 150 GHz. The relevant electron
bunch properties at the ICS point are gathered in Table 3 (f'=
300 GHz) and Table 4 (f= 150 GHz).

Table 3. Electron bunch properties at the ICS point for the selected

Then, the higher o; at the THz linac entrance results in the
generation of stronger non-linearities in the bunch
longitudinal phase-space during its compression in the THz
linac, which limit the achievable o, at the ICS point. Besides,
the increase with Q of the space-charge forces close to the
ICS point also limits the achievable ..

Not only the statistical bunch properties, as shown in
Tables 3 and 4, are of interest. The transverse profile of the
electron bunch and it%ngitudinal phase-space at the ICS

e

point also have to be ifivestigated. They are shown in Fig. 16
for one representative-ease, the,case with Q = 1 pC in Table

5 D

potential working points of the hybrid concept of ultrafast X-ray _ 27
pulse source. Conditions: Epng = 140 MV/m; Epy = 115 MV/m; f = § of
300 GHz; vpp =¢; L=12.8 cm; G uv = 75 fs. “1:1 2
0 <E> OE ot ox/oy &xley ) 4l 5 5
PC) MeV) (keV) (fs) (pm) (r.mm.mrad) Time (fs)
0.1 17.7 41.7 041 4.5/59 0.114/0.112 mk 2, o
0.5 17.6 770 0.81 6.4/8.3 0.187/0.171 L i 2
1.0 17.5 1325 134 6.8/7.9 0.226/0.189 . E
1.75 17.6 188.8 193 8.9/9.7 0.318/0.244 § e R T
2.5 17.8 2456 2.61 10.7/10.4 0.384/0.274\\ = Time (fs)
3.75 17.7 3575 372 12.2/12.1 0.452/0.%\ ":;?1 ‘:ga; 1|
5.0 17.8 4623 5.02 13.2/13.6 0.52]/0.348 E E '
Table 4. Electron bunch properties at the ICS point for th%d\ § 05 6 30 § 0 6
potential working points of the hybrid concept of Nﬁn ray = Y (um) = Ge/<E> (%)
EN 0 J = Fig. 16. Transverse profile and projections (left plots) and

pulse source. Conditions: Ep,g = 140 MV/m; EQ

N

0 <E> OE ot 04/, &
PC) (MeV) (keV) (fs) ((um(n.mm.l;rad)

150 GHz; vpr = 1.002¢; L = 12.8 cm; oruv = 75 fs.

0.1 156 199 0.5 sb‘g\)o.l 13/0.112
0.5 15.0 323 1.2 547/6. 0.177/0.170
1.0 150 45.1 .81 .0/6,Z 0.206/0.191
1.75 15.0 55.1 2.\\; v 0.272/0.238
2.5 15.1 69 }49 5/9.4 0.317/0.267
3.75 15.0 29, 12 8.7/8.6 0.376/0.287
5.0 15.1 21/97.9 . 8.6/8.4 0.430/0.340
One can o seﬁw is significantly higher at /= 300
GHz than ai = 150 GHz (around 17% increase). As

“l_and visible in Fig. 13 in the present paper,
e to the fact that after the off-crest injection in the
the bunch experiences a higher phase slippage at f

properties\(or and o,) are the same for both =300 GHz and f
= 150 GHz, namely they increase with Q. The increase of oz
and o, with Q are correlated together and explained by the
increase of the space-charge forces. First, the increase of Q
leads to a higher o; at the THz linac entrance which, due to
the off-crest injection, implies a higher oz at the ICS point.

longitudinal phase-space and projections (right plots) of the
electron bunch at the ICS point for the case with Q = 1 pC in Table
3.

Fig. 16 shows that the electron bunch transverse profile is
close from being Gaussian. This is a desired property, since
the best overlap possible with the transverse profile of the
laser pulse driving the ICS, which will typically be Gaussian,
has to be achieved. It is also visible in Fig. 16 that the time
profile of the electron bunch exhibits no spikes and that all
the electrons are contained in a few fs and not only a fraction
of them. Finally, Fig. 16 highlights that a significant part of
the bunch energy spread is due to a long tail of low energy
electrons, meaning that the bunch core has a much lower oz
than what is shown in Tables 3 and 4.

One last important point is that the working points
presented in Tables 3 and 4 are not fixed but offer a certain
amount of tunability concerning o, o and oy, by modifying
the parameters of the quadrupole triplet and the phase of the
THz linac used for the final focusing of the bunch,
respectively in the transverse and longitudinal planes. This
tunability is illustrated by Table 5.

However, the tunability illustrated by Table 5 is not
independent for o, o; and o,,. Typically, the strength of the
final focusing can be varied in order to put the ICS point
closer (stronger focusing) or farther (weaker focusing) from
the THz linac exit. A stronger focusing will result in smaller
values of o., and o, but in a larger value of or since the
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/ \ Ie.lhanisn used to reduce or (see Sec. 3.1) becomes less

Pu bt|:.fS<hé:ﬁlgt ecause the distance between the linac exit and the

1CS poiiit, therefore the integrated effect of the space-charge
forces along this path, decreases. On the other hand, a weaker
focusing will result on a smaller value of o, but larger values
of 0.y and o, A trade-off has therefore to be found on the
strength of the final focusing of the bunch. This is illustrated
by Table 5, where the strength of the final focusing has been
varied for the case at O = 1 pC presented in Table 4, going
from the stronger to the weaker focusing if one reads the rows
from top to bottom. The injection phase ¢, in the THz linac
implies a change in the strength of the bunch compression (=
longitudinal focusing), a lower ¢, meaning a stronger
longitudinal focusing. The quadrupole gradients Go;, Gp, and
Ggs imply a change in the strength of the transverse focusing.
In addition to the aforementioned evolution of oz, ¢; and o,
with the strength of the final focusing, one can note that <£>
slightly increases when this strength decreases. This is simply
explained by the fact that the bunch is injected closer to the
crest of the accelerating field when ¢y increases. One can also
note that ¢ and &, remain almost unchanged for the different
strengths of the final focusing tested in Table 5.

Table 5. Electron bunch properties at the ICS point for different
strengths of the final focusing of the bunch (this strength
decreases from the top to the bottom row). Conditions: En4.= 140
MV/m; o, yv = 0.5 mm; o,y =75 fs; Q=1 pC; B =0.24 T; Z; = 85,1
cm; Epy = 115 MV/m; f = 150 GHz; L = 12.8 cm; v, = 1.002¢, Note
that the ICS point is not at the same Z for each case. The
underlined case is the same as for Q =1 pCin Table4.

GQI Ox &
po <E> o o
/G2 (T/m) lay &y
(e}
© /Gos (MeV) (keV) (fs) (um) (m.mpn.mrad)
+7.25
130 A1758 1483 567 170607 N D20
/+27.65 - :
+6.75
0 1625 1500 480 18NS MR
/+20.85 62 /0191
+6.25
+13 /1493 15159363 1.93 /67'92 (}129016
/+16.2 :
+5.75
26 1360 sINGAT 18 2 20
+12.8 - :
+5.4
+3.9 129 (1547 305 220 /893 /%21‘;65
L6 : :

4.2. Smnilated properties of the X-ray pulse generated via
ICS

We simulated the generation of the X-ray pulse via the
ICS process?® occurring during the interaction of the electron
bunch simulated in Sec. 4.1 for various potential working
points (see Tables 3 and 4) with a laser with the Monte-Carlo
code CAIN, which is already validated against experimental

measurements?' and used to validate analytical model??>. We
also compared the simulation results with the prediction of
the analytical model generally used to describe the photon
generation by Compton Scattering.

In this analytical model, the energy of the photons
scattered by interaction with the electron bunch, in the case
where the recoil of the involved electron is negligible, is
given by:

2y2(1-cos(a)) 43S ULlJ] (8)

14y202+a8/24 0 T N viwg | orLlps)’

hv, = hy,
with % being the Planek constant, v, the frequency of the
photons after scatteting, vithe frequency of the laser photons,
y the relatiyistic factor‘of the electrons, a the collision angle
(a = 180° denoting.a_head-on collision), § the observation
angle yéspectivetg the electron bunch trajectory (0° denotes a
photon having the same trajectory as the electron bunch), wy
the waistiof the laser pulse at the interaction point (equal to 2
times its rms“transverse size), U the laser pulse energy and
ormits Tms length. Under the assumption of a transversely
gound eleetron bunch, the number of photons generated per
pulse N, 1s derived using the Thomson cross-section oy, =
0.67*102 m? as?3:

_ __ NiNeotn
Ny - 2n(cZ+wi/4) (9)

where N, is the number of photons in the laser pulse driving
the ICS process, N, the number of electrons in the bunch and
o. the rms transverse size of the electron bunch at the
interaction point. This quantity alone is however insufficient
to characterize the generated radiation, since as visible from
Eq. (8) the photon energy depends on the observation angle 6.
As a consequence, the bandwidth of the entire pulse is very
large and it is usually collimated to an angle 8., in order to
reduce it, such that it becomes only dominated by the electron
bunch and the laser properties. The relevant quantities are
therefore the number of photons into ..; given by?>?*:

_ 41+10%ULJ1Q[pCIY 2080y
N)/.Bcou T hvplevl(oZ+wZ/4)[um?]’ (10)

and the rms relative bandwidth of the generated photon pulse
within 6., given by?2:

va/Vy =
Josear 2y e v (5 5
(11)

The six contributions to the bandwidth of the pulse are
respectively: the collimation angle, the electron bunch energy
spread, the electron bunch transverse emittance, the laser
bandwidth, the diffraction term and the temporal profile
broadening contribution. Note that Egs. (9), (10) and (11) are
established for a head-on collision (a = 180°) and under the
assumption of an optimal space-time overlap of the electron
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Pubdésiitidgs are fulfilled?:

Wo = 20,; 0, < YO£/€y;copp < 2TWEV/C. (12)

A large number of applications of the X-ray sources
require maximizing the number of photons in the pulse while
minimizing the bandwidth of this pulse. As visible from Egs.
(10) and (11) these are two conflicting objectives and a trade-
off has therefore to be found between both. Starting from Eqs.
(10) and (11), and giving the same importance to the number
of photons and the bandwidth, Ref. 23 defines the following
figure of merit for the electron bunch, which has to be
maximized in order to optimize the X-ray source:

Q

p= (13)

Maximizing p results in maximizing the spectral density SPD
of the X-ray source (in photons/eV) given by:

N
V.0 coll
SPD = —<2=,
\/2nhAvy

working points from Tables 3 and 4 for which we simu

the ICS process with CAIN¢. For f'= 300 GHz this case
for O =1 pC, and for f'= 150 GHz the case for O % :
However p does not include o;, which weSalso am to
minimize for the proposed concept. W the%ﬁ}n SO
simulate the ICS process for the cases 'l‘hq%z;h est
electron bunch, namely O = 100 fC for /=3 nd f=
150 GHz. Finally, we also simulated one case“at higher

charge for each frequency, namely/O = 25 pC for f = 300
GHz and O =5 pC for f= 150 GHz.

heose to fix the
."The observation
at the collimator is

. We then compared
¢ analytical estimations given by
l11-)!5For that, we assumed a head-on
the laser driving the ICS process
1), transversely round with an
al t9/the average of oy and g, for the
at the transVerse focal point (see Tables 3 and

angle has been fixed to 8 =40°, me
centered on the electron bunc
the simulation results
Egs. (8), (9), (10) an

collimation angle @i to }\691

we ass e focal point of the laser and the electron

ﬁnt in space and time, and for the analytical
m addition assume an optimal space-time
(see<Eq. (12)). The results are presented in Table 6,
denotes the average photon energies for the
collimatedipulse (CAIN) or the on-axis X-ray energy for <£>
(analytical model). oy is the rms duration predicted by CAIN
for the collimated X-ray pulse. Fig. 17 presents the

¢ In our cases the electron bunch is never totally transversely symmetric. We
therefore use the average of ox and o, and the average of &« and ¢, to
compute p with Eq. (13).

) 576/ 3.2/ 89/ 164/ |
\L_ 5.85 3.2 64 247
430/ 43/ 9.1/  0.93/
\ 15001 433 47 6.9 1.81
We used the figure of merit given by Eq. (13) to seléct
g g y Eq. (13) l‘b"\%oo

G

normalized energy spectra of the collimated photon pulses
simulated with CAIN for the 6 cases displayed in Table 6.
Note that in Fig. 17 the different peak X-ray energies for the
different values of Q simply come from the fact that <E> is
different for these different cases (see Tables 3 and 4).

Table 6. Comparison of the X-ray pulse properties predicted by the
CAIN simulations (first value in each cells) with the ones predicted
by the analytical formu?/presented in Sec. 4.2 (second value in

each cells). Ex denotes| the average photon energies for the
collimated pulse (C N-axis X-ray energy for <E>
(analytical model). xbe rms duration predicted by CAIN for
the collimated X-ey pulse’

f Q \N y N, y,0coll (4 vy/ Vy OX
GH) @) B\ a0) (1) (0 (@
590/~ 058/ 1.6/ 0.90/
6

300{ 0.65 13 217 046
461/ 0.59/ 13/ 070/

C‘j 466  0.66 1o 173 o7
30

1.65

5.97/ 3.8/ 11/ 2.54/
25 607 39 80 332 2
4.34/ 12/ 24/ 2.44/
305 44 12 18 289 62
1} —q=100fc
---Q=1pC
Lo8| Q=25pC
£ 06}
g
S04t
S
z \
02} ¥
,«(",.'.,..,. .
I I , .,
54 56 58 6 6.2
Photon energy (keV)
1+ —a-=100fc
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Q 08 | Q=5 pC
g
Z 06t ¥
3 £\
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02t .,«-",/ '.‘ ]
’ 1
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Fig. 17. Normalized energy spectra of the collimated photon

pulses simulated with CAIN for the 6 cases displayed in Table 6. f =

300 GHz (top plot) and f = 150 GHz (bottom plot).
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that Ey is consistent between CAIN and the

* Tal the case with O = 2.5 pC and /= 300 GHz (Fig. 17 top plot),
Pubdisiiiag model, since the difference is at maximum 1.7%

Nyocon = 9.8%10% (reduction of only 11%) and a,/v, = 1.43%

aiid can be attributed to the difference in the definition of Ey.
N, is also in a good agreement with a difference varying
between 0% and 12% according to the case, but it is to note
that CAIN always predicts a smaller number of photons than
the analytical model. The most likely explanation for this is
that the space-time overlap between the electron bunch and
the laser pulse driving the ICS process is not perfect, which is
taken into account with CAIN but not by the analytical
model. N, g shows higher differences ranging from 18.8%
to 28%. The agreement is however still fair enough so that the
analytical model can be used to obtain a good first estimation
of N gcon. It is noteworthy that in this case CAIN always
predicts a higher number of collimated photons than the
analytical model. The rms relative bandwidth a,,/v, shows
much stronger differences, with CAIN always predicting a
smaller value than the analytical model, and a clear evolution
with the value of the bandwidth. For the cases with O =5 pC
and O = 2.5 pC (higher bandwidth), the agreement is still
acceptable since the difference is of the order of 20% to 30%.
But for the cases with Q <1 pC, the analytical model does not

give an estimation of o,/v, close to be in agreement wit
CAIN. Indeed, the difference reaches 50% to 80% at Q =
pC (intermediate bandwidth) and around 140% at Q = IOO}\

—~

(lower bandwidth).
Table 6 also shows an important feature in the evolution
Nyocon Wwhen Q increases. Namely between the cas

for /= 150 GHz). This is due to the fact th
transverse focusing cannot be maintained when
too much (see Tables 3 and 4) leadifig to a slower increase of
On the other hand,
nlinearly with Q.
This is due to the fact that oz,andig, present this behavior (see
Tables 3 and 4) leadi{io S n increase of the
corresponding terms involved  _Eq. (11). Table 6 therefore
demonstrates that the parameter p“defined in Eq. (13) is an
ine which working point is the
he number of photons and the

best compromise
relative bandwid

when Q increases, a tail of low
ing itself in the energy spectrum,

ee Fig. 16), developing when Q increases.
mq%t, the“achievable o,,/v, could greatly be improved if

m o filter the emitted X-rays would be used after the
ICS pomt and collimation. To illustrate this fact, Fig. 18
displays the evolution of N, g..u and o.,/v, as a function of a
lower energy cut (meaning that all the photons below this
energy are removed from the spectrum) for the cases at /=
300 GHz/Q = 2.5 pC and /= 150 GHz/Q = 5 pC shown in
Table 6 and Fig. 17. As a numerical example, if all the
photons with an energy lower than 5.8 keV are removed for

/o

(reduction of 44%). For the case with Q = 5 pC and f'= 150
GHz (Fig. 17 bottom plot), if all the photons with an energy
lower than 4.25 keV are removed N, geon = 2.0%10* (reduction
of only 17%) and o,,/v, = 1.43% (reduction of 42%).

1MF=
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Fig. 18. Evolution of Ny g.n and o,,/v, as a function of a lower
energy cut for the cases at f = 300 GHz/Q = 2.5 pC (top) and f= 150
GHz/Q = 5 pC (bottom) shown in Table 6 (properties) and Fig. 17
(spectra). Lower energy cut means here that all the photons below
this energy are removed from the spectrum.

For the results presented in Table 6 we fixed U to 0.1 J. A
way to increase the number of photons per pulse would be to
increase U;. However, one has to be careful that this will
result in an increase of the laser parameter ay and therefore of
the bandwidth of the X-ray pulse (see Eq. (11)). A trade-off
has therefore to be found to fix the value of U;. Fig. 19
shows, for the case with O =1 pC and f'= 150 GHz in Table
6, the evolution of N, gcon and 6,,/v, with U, and illustrates this
fact. It shows an expected almost linear increase of N, gcou
with Up (see Eq. (10)) and an approximately quadratic
increase of a,,/v, with Uy, expected from Eq. (11) since a,’ is
at maximum around 0.14 in this case. Fig. 19 shows that
Nyocon can be increased from 9.1*10° to 8.7%10* when U,
increases from 0.1 J to 1 J, but at the cost of an increase of
ov/vy from 0.93% to 1.87%. A good trade-off is for example
U, = 0.4 J where N, gcon = 3.6¥10* and a,,/v, = 1.12%, and we
will use this value of U, for the following subsection. It is
noteworthy that this increase of the bandwidth with Uy,
contrary to the increase of the bandwidth with Q
aforementioned, is not driven by the appearance of tails in the
photon energy spectrum.
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Fig. 19. Evolution of Ny a.n and o,,/v, as a function of U, for the
case with Q =1 pC and f = 150 GHz in Table 6.

4.3. Tunability potential of the X-ray pulse
In this sub-section, we will describe how Ey could be

tuned and in which range it could be tuned for the concept
proposed in this paper.

First, as explained in Sec. 4.1, one has to remember tha
changing the accelerating frequency from f'= 150 GHz to fie
300 GHz comes with a significant change of <E> at the ICS

pulses (see Table 6). One can therefore think to tu
switching between different DLW operating/ at
frequencies for the TMo; mode. This would be
DLW since, thanks to their small dimension$ (dia
millimeter range and length in the range of
fast to be produced and easy to be exchanged inwa beamline
contrary to the conventional RF accel€rating structures. Note
that the THz source powering thé DLW “will have to be
tunable in this case.
Then, it is straightforwar frony Eq. that using the
second harmonic of an IR laSer, thereforgfat A, = 524 nm in
our case, will double Ex. 'Rf fore, usidg an IR laser able to
produce hundreds of ml anerted to its second
harmonic, which is os% with%a Joule-class IR laser
according to the algéa onstrated conversion efficiency
(see for example Ref. 29), 1d double the achievable range
for the X-ray sour rgpos? n this paper.
Combining‘the.two“aforémentioned tuning options, for the
cases with Q= 1 pC shown in Tables 3 and 4, would result in
the possibility gene&ate 4 different values of Ex: Ex~ 4.3
ith 2, = 1048 nm), Ex~ 5.7 keV (f= 300
Ar = 1048 nm), Ex~ 8.6 keV (f'= 150 GHz with /;
v~ 11.5 keV (f'= 300 GHz with 1, = 524

they are

continuum between these 4 energies. Looking at Eq. (8), it
appears that three ways remain to vary Ey. The first one
would be to vary the observation angle 6, which was equal to
0° in Sec. 4.2, namely to collimate the photon pulse with a
collimator movable in the plane perpendicular to the electron
bunch trajectory. However, with an increase of 0, a,/v, has
been found to strongly increase compared to the case 8 = 0°

and this option was therefore not retained. The second option
would be to vary the collision angle a between the electron
bunch and the laser. In this case, N, g.n has been found to
decrease too fast compared to a =~ 180° (head-on collision)
before the desired variation of Ex can be achieved and the
option was also not retained. The third and last option, which
has been retained, is to vary y° (namely <E>). We choose to
do that by starting from the four cases aforementioned and
then reducing the ﬁe%nplitude E,; in the THz linac. For
each simulated value the injection phase into the THz
linac and the quad triplet settings have been optimized
N, geont and a,,/v, as a function of Ex for
= 400 mJ (top plot). It also shows
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Fig. 20. Top: N,,aon and o,,/v, as a function of Ex for ..y = 4 mrad.
Bottom: N, .o and 6.0 as a function of Ex for o,,/v, = 1.5% (except
for the two cases pointed by black arrows, where o,,/v, > 1.5% for
O.on = 4 mrad, which are left identical to the top plot). U, = 400 mJ;
Q =1 pC. For f = 150 GHz, Epy = 77 MV/m, 90 MV/m, 100 MV/m
and 115 MV/m (case with Q = 1 pC in Table 4) have been
simulated. For f = 300 GHz, E,; = 92 MV/m, 101 MV/m and 115
MV/m (case with Q = 1 pCin Table 3) have been simulated.

Fig. 20 (top) shows that a decrease of E,,; is well suited to
tune Ey in a continuous way from around 3 keV up to around
11.5 keV. In fact, despite it shows that N, .. decreases when
E,. decreases, due to an increase of oy and o, at the ICS point,
this decrease is much smaller than for a change of the
collision angle a (where it exceeds a factor 30) since it is of a
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AfIcEr 5.7 at maximum: from 3.5%10* at Ex = 4.3 keV (f= 150

115 MV/m and A; = 1.048 pum) and Ex= 5.7 keV
Vi— Juu UrIZ, Em/ =115 MV/m and lL =1.048 um) to 62*103
at Ex =9 keV (f= 300 GHz, E,; = 92 MV/m and A, = 524
nm). It also shows that ¢,,/v, does not increase with a decrease
of E,, and is actually even strongly decreasing: for example
from 1.12% at Ex=4.3 keV (f= 150 GHz, E,; = 115 MV/m
and /; = 1.048 pum) to 0.65% at Ex = 2.9 keV (f= 150 GHz,
Ey =77 MV/m and A, = 1.048 um). This is due to the fact
that the lower value of <E> comes with stronger space-
charge forces, despite the increase of or and o, at the ICS
point, which makes the scheme of reduction of oz presented
in Sec. 3.1 more efficient and therefore reduce it. As
explained in Sec. 3.1.1, this reduction of oz, and subsequently
of a,,/v,, comes with the drawback that o;, and subsequently
ow, increases: from 1.5 fs to 1.8 fs for = 300 GHz between
E. =115 MV/m and E,; = 92 MV/m, and from 1.8 fs to 3.3
fs for f'= 150 GHz between E,; = 115 MV/m and E,; = 77
MV/m.

The decrease of a,,/v, with E,; allows significantly
increasing N, geon, by increasing 6., for the cases with E,; <
115 MV/m without that ¢,,/v, exceeds the ones obtained for
the cases with £,; = 115 MV/m. Fig. 20 (bottom) shows as an
example that increasing O..; such that a,,/v, becomes equalgto
1.5% for all the cases (except the two cases pointed by black
arrows where it exceeds 1.5% at 6.,; = 4 mrad and whith are
left identical to the top plot) would allow obtaining N, ey
ranging from 1.5%10% at Ex = 8.9 keV (f'= 300 GHZ\ = 92
MV/m, A= 524 nm and 0., = 6.4 mrad) up to 7.7*10{ at' Ex
=42keV (f=150 GHz, E,y = 115 MV/m, 1; =1,048 pm,and
Ocon = 6.0 mrad). However, this increase of f.,; comes with
the drawback that the length of the X-ray pulsc alsg increases.
This is due to the simple geometrical effect thatyhotons with
a higher divergence take a longer time to reach a given Z
position along the beamline thah photens with lower
divergence. This effect superimposes‘wyith the increase of o;
when E,; decreases previously described and leads to a
significant increase of oy from«l.5 fs to, 2.6 fs for /= 300
GHz between E,; = 115 MV/m (Ocom= 4 mrad) and E,; = 92
MV/m (6con = 6.4 mrad), and frem 1.8 1s to 4.7 fs for f= 150
GHz between E,; = 118 MV/m (0:on= 4 mrad) and E,; = 77
MV/m (0.1 = 8.5 mrad).

5. Some technicalirequirements for the proposed concept
5.1. Propertiés of the DLW, and of the THz pulse driving it

The proeedurecand the formulas used to determine the
properties of the(DLW used as accelerating structure and of
the THz pulse driving it have been exposed in Sec. 2. In this
sectionygwe will“introduce the requirements for the DLW and
the THz pulse.needed to achieve the potential working points
presented in Sec. 4. We consider two cases for this purpose.
The first one is the standard case, where we assume 2a equal
to the THz pulse wavelength. The second one is an aggressive
option where we reduce a by 20%. Table 7 shows that the
aggressive option brings the benefit to reduce E7y. by around
24% whatever f. This is explained by the fact that the
decrease of <P>ry. (due to the decrease of the DLW cross-

section) overcomes the increase of 7 (due to the decrease of
vg). One can also see that the decrease of a leads to an
increase of the dielectric thickness b — a required to have the
desired vy, This means that the tolerances for the DLW
production are slightly relaxed. However, one must not forget
that this aggressive option comes with two major drawbacks.
First, the margins for beam dynamics, concerning the bunch
injection and the charge transmission throughout the linac, are
reduced. Then, the coupling efficiency of the THz pulse into
the linac is also reduced. A _compromise has therefore to be
found between all the“aforementioned aspects in order to set
the value of a.

Table 7. Properties“of the DLW and of the THz pulse driving it
required togenerate the electron bunch properties at the ICS
point presented in Tables 3 and 4. Quartz (&, = 4.41) is considered
as a dielectric-loading. The cases in normal font are the standard
cases With 2a equal*to the THz wavelength. The cases in italic are
aggressive options with 2a 20% smaller than the THz wavelength.
The-underlined case is an intermediate frequency, not yet tested
in beam dynamics simulations.

f a b—a v Vg T <P>m; Ern;
(GHz) (pm) (pm) (© (@9 (ps) (MW) (mJ)
3000 500 90.35 1 0.513 407 233 95
300 400 100.77 1 0414 607 11.8 7.2
150 1000 180.13 1.002 0.514 407 92.7 37.7
150 800 201.12 1.002 0415 607 47.0 28.5
230 650 118.06 1 0511 409 394 16.1

Table 7 also shows that Ery. required at f= 150 GHz is
around four times higher than the one required at /= 300
GHz. It directly follows from the fact that @ has to typically
be two times bigger, implying that the DLW cross-section
and therefore <P>py. required to have the same E,; is
multiplied by a factor around 4. Regarding the current
performances in THz generation (see Sec. 5.2), the level of
<P>ry, required at f= 150 GHz is too high to be reached in a
predictable future. However, it is visible by comparing Table
4 to Table 3 that it would lead to a significant improvement of
the achievable electron bunch properties at the ICS point,
which should be a motivation to develop powerful THz
sources at f =~ 150 GHz. Finally, the last line of Table 7
indicates that an intermediate frequency (f'= 230 GHz), not
yet tested in ASTRA beam dynamics simulations, could be an
interesting trade-off between the lower THz power required at
f =300 GHz and the better bunch quality achievable at ' =
150 GHz.

5.2. THz generation

As shown in Sec. 5.1 the amount of energy required in the
THz pulse driving the THz linac is quite large since it is still
close to 10 mJ for = 300 GHz (power between 10 and 20
MW) and to 30-40 mJ at f'= 150 GHz (power between 50 and
100 MW). It is therefore essential to compare the different
methods currently used to generate multi-cycle THz pulses in
order to have a first insight in their present and future
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A!p bilitie

to deliver a multi-cycle THz pulse with the

Pu b1|,PSIh:|rl']cg rsiven in Sec. 5.1 to drive the THz linac.

A fiist type of THz pulse generation technique is based on
optical rectification of an infrared laser pulse in non-linear
optical crystals, like lithium-niobate for example. This kind of
approach has already been used to perform the first
demonstration experiment of electron acceleration in a THz-
driven DLW?°, However, this kind of technique is currently
limited by a low IR/THz conversion efficiency, due to the fact
that it is quite young and still in a phase of development. The
current record of energy in a single multicycle THz pulse
generated via this type of technique is slightly above 0.4 mJ
at £ = 361 GHz with a maximal conversion efficiency of
0.15%?7. Several schemes have been proposed and simulated
to increase the IR/THz conversion efficiency up to 5% and
even 10%, but they have not been experimentally
demonstrated by now?**°, This option of THz generation is
the one chosen for the AXSIS project*?’.

A second type of THz pulse generation technique is the
one used in the gyrotron devices, based on electron cyclotron
resonance in a circular cavity®!. The current state-of-the-art
gyrotrons are able to deliver <P>r;. of 1 to 2 MW in the
vicinity of /= 150 GHz**3* and a strong research is ongoing
to reach the 1 MW level in the vicinity of f= 300 GHz>°.
This is significantly below the requirements shown in Table
7. However, it is noteworthy that the pulse lengths deliver by
the gyrotrons are much longer than the requirements in Table
7, the shortest we found in the literature being of 3 pig m.Ref.
32. Consequently, Ery. delivered by the gyrotrons isymiich
higher than the requirements shown in Table 7."{"meansithat
if a way is found to compress the THz pulse comipg“ftom a
gyrotron, the requirements on <P>ry, in TablewZ could be
met. This has to our knowledge however not yet'been studied.
Furthermore, other aspects than the pulse power are relevant
and would have to be studied before considering using a
gyrotron as power source for the! THz linac in our concept.
For example, the shot-to-shot/phase stability which is of
primary importance for our £oneept (seesSec. 5.3.3) would
have to be taken into accouuit.

A third type of THz pulsesgeneration technique is the
accelerator-based emission of radiatign in dipole or undulator
magnets (coherent synehrotfon radiation’’ and free electron
laser (FEL)?®), likg/this is for example done in a tunable way
at the TELBE facility*% Calculations for a THz-FEL based on
the PITZ facility.at DESY/Zeuthen are currently ongoing, and
suggest that, around. 2« mJ THz pulses with <P>py,
significantly in excess‘of the requirements shown in Table 7
(for f'= 300"GHz)could be generated in this way*’. However,
these pulses wduld remain significantly shorter than the
requirements for 7 shown in Table 74,

A fourth and last type of generation of accelerating field
with aifrequency in the THz range is to generate wakefields in
a structuge (a DLW for example) and with a driver electron
bunch having properties such that the generated wakefields
are in the THz range of frequency*'*>. A demonstration
experiment has recently been performed with 20 GeV driver
and witness bunches at SLAC, with a 10 cm long quartz
DLW having a 400 um vacuum diameter. In this experiment,
the TMo; mode was excited at 422 GHz by the 1.6 nC drive

beam and a 320 MV/m accelerating field has been
experienced by the 1 nC witness bunch with 80% energy
extraction efficiency®®. A scheme has been proposed to
optimize the intensity and tune the frequency of the wakefield
generated on a moderate energy (50-100 MeV) conventional
accelerator®, and also to efficiently extract this power from
the structure in which it has been generated®. These kinds of
THz accelerating field generation techniques via wakefields,
based on conventional RF accelerators, are at the time of
writing the most promising«candidates to fulfil the THz pulse
requirements shownsin<lable % Despite the fact that they are
to date not compatible with the goal of a compact layout as
intended for thedconcept presented in our paper, they could be
of great interest to produceignough THz power for performing
demonstration experiments.

Finally, % _has 4o _be mentioned that a scheme based on
Inverses Eree Electron Laser (IFEL) has been recently
experimentally ¢demonstrated to significantly increase the
interaction length between an electron bunch and a THz
pllse*, whieh- is normally limited in a DLW by the
significantly lower than ¢ group velocity of the THz pulse
(see Table/7). This scheme could be of great interest to reduce
T and subsequently Ery. required in Table 7, allowing even
using)single-cycle THz pulses instead of multi-cycle ones.
Indeed, as previously mentioned, the required value of 7' is a
limiting factor for the technique of THz pulse generation
based on FEL radiation. Furthermore, by bringing down the
requirements on Ery; in Table 7 below 100 pJ at f'= 300 GHz,
this possibility to use single-cycle THz pulses would make
the use of laser-based THz sources possible since this level is
achievable mainly by only scaling up the current setups used
for single-cycle THz pulse generation according to Ref. 47.

5.3. Influence of various jitters

In this subsection, we will give a first evaluation of the
influence of various jitters on the electron bunch properties
simulated at the ICS point and on the arrival time of the
electron bunch at the ICS point, which is important because
the electron bunch has to be synchronized with the laser
driving the ICS process to maximize its efficiency. We will
consider only the case ' = 300 GHz, since it is the most
demanding on the jitter point of view. For the case f'= 150
GHz, all the fluctuations of the electron bunch properties at
the ICS point presented in this section would be less
important.

To evaluate the influence on the electron bunch properties
at the ICS point of a single jitter, we choose to use ASTRA!?
in combination with a simple self-written Matlab code. We
start from a bunch distribution simulated at the THz linac
entrance, corresponding to the case described in details in
Sec. 3.1, and we use it to run jitter simulations up to the ICS
point. We first run a scan with ASTRA where the parameter
involved for the considered jitter is varied step-by-step in a
certain range (for example E,; is varied between 100 MV/m
and 130 MV/m by step of 1 MV/m). Then, the obtained
points are fitted with Matlab to obtain continuous curves over
the desired range. Finally, a jitter following a Gaussian
distribution with a standard deviation g;; respective to the
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nominal value is simulated with Matlab. Namely, a large
number of N, values of the jittering parameter is randomly
generated according to the aforementioned distribution (w?\ Fi

curves previously obtained with Matlab.

istributions later considered for the jitter in the present
subsegtion are superimposed on Fig. 21.

. 22 displays the distribution and partition functions of

a cutoff at +/- 3 gj;) and for each of these values the elgctron the “electron bunch properties at the ICS point for gj;; = 100
bunch properties at the ICS point are determined usin, Nn around the on-axis injection (Ne.- = 1220000).

Such a simulation delivers histograms of the ‘electro

bunch properties at the ICS point. Normalizing “these
1, gi
5\

partition functions, which are t
functions, since the probabil
properties in a certain range £an b

AN

the pointing jitter of the electron

7z linac, which typically comes

from an initial pointing j itte‘tr/of the UV laser pulse driving the
h

of/the distribution
tof obtains electron bunch
educ/d from themd.

5.3.1. Pointing jitter

The first studieddjitte
bunch at the entrance ofithe

2]

RF-gun. Thisfjitter af e electron bunch properties and
arrival time{at the{ ICS point because the transverse
field/experienced by the bunch is varying, it
is bunch, leading to a varying path and
of the bunch in the THz linac.
ing parameter in ASTRA for this jitter is the
syerse offset at the THz linac entrance, along the
| direction x in our case, later referred to as AX. Fig.
21 showsythe results of the parameter scan performed with
ASTRA for AX = 0 to 450 um. The two Gaussian

4 Given a distribution function f(x) # 0 for x in a finite real interval [A,B] with
B > A, the partition function F(x) is defined for x > A as F(x) = f:f(u)du.

Considering x; and x: included in [A,B] with x> > x1, then F(x2) — F(x1) is the
probability to obtain x in the interval [x1,x2].

Fig. 22 first shows that 87% of the cases simulated present
no charge losses despite the assumed vacuum radius for the
THz linac is of only 500 pm. This is explained by the fact that
in our concept the electron bunch is still focusing itself when
injected into the THz linac (see for example Fig. 10 (left
plots)), practically meaning that the charge losses only
happens right at the THz linac entrance which then acts as a
collimator. As a consequence charge losses happen only when
the initial transverse offset becomes significantly larger than
100 pm, which is a low probability event in our simulation.
This results in the long tail of low probability events observed
in Fig. 22 for Q.

Fig. 22 also demonstrates that <E> and the transverse
electron bunch properties (o, oy, & and ¢,) at the ICS point
are almost not affected by a pointing jitter of 100 um rms at
the THz linac entrance. Indeed, the distribution functions of
these properties present sharp peaks around the nominal
values (obtained with a zero jitter), and long tails of low
probability events directly resulting from the low probability
events where some charge is lost.

Fig. 22 finally shows that the longitudinal electron bunch
properties (or and o;) are more affected by the simulated
jitter. While this is anecdotic for o;, which remains in the
single femtosecond order for all the simulated events, this is
relevant for oz (which can increase by up to 45%) since the
bandwidth of a photon pulse generated through ICS is
strongly dependent on it (see Eq. (11)). This strong increase
of og concerns only a minority of cases, since 90% of the
simulated events present a value of or less than 10% greater
than the nominal value. However, a smaller pointing jitter
than 100 pm rms at the THz linac entrance would be
preferable for the stability of the source bandwidth.
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Pubpbsfiifdg i, = 50 um (N, = 1220000) around the on-axis
wyjection. it shows that g = 50 pm would be much better
since the increase of gz would be only of 10% at maximum,
and 90% of the cases will present o less than 3% greater than
the nominal value.
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AI Iig. 23 displays simulation results for o and o, at the ICS

5.3.2. Jitter of the THz linac field amplitude

The second studied jitter is the jitter of the amplitude of
the accelerating field in the THz linac E,;, which typically
comes from a jitter of the power delivered by the THz source.
For example, for a THz pulse generated by optical
rectification of an infrared laser (see Sec. 5.2) it will come
from a jitter of the an‘?ﬁlde of this laser. This jitter affects
the electron bunch prépertigs at the ICS point because the
injection phase ¢ buneh,_into the THz linac becomes
not optimal, since
amplitude of th

e optimal injection phase varies with the

s?ksqz&the parameter scan performed with
= 100 to 130 MV/m. The two Gaussian
onsidered for the jitter in the present
are superimposed on Fig. 24. The bunch charge is

t display ce no charge losses happened in any cases.

Fig. isplays the distribution and partition functions of

e electron bunch properties at the ICS point for g;;; = 3%
(3 /m) around E,; = 115 MV/m (N, = 2000000). The
bunch charge is here also not displayed since no charge losses

ened in any cases.

Fig. 25 demonstrates that all the electron bunch properties
at the ICS point are affected by a jitter of the accelerating
field amplitude in the THz linac, but not all with the same
importance.

First, the jitter of the accelerating field amplitude in the
THz linac trivially comes with significant variations of <£>
at the ICS point, since the injection phase into the THz linac
remains the same for all the simulated events. This results in a
variation of the energy Ex of the generated X-ray and would
therefore be penalizing for the applications requiring a
specific X-ray energy. On the other hand, this would not have
any effect on the applications only requiring having Ex above
a certain threshold, and also the applications only requiring
knowing Ex if it (or <E>) can be measured on a shot-to-shot
basis.

Second, the variations of the transverse emittances at the
ICS point are acceptable. Indeed, ¢, remains within +/- 2% of
the nominal value and ¢, is at maximum 4% higher than the
nominal value. Note that about 50% of the simulated events
have lower transverse emittances than the nominal value.

Then the variations of the bunch length at the ICS point,
while being up to +35%, are not the main concern since oy
remains in the single femtosecond order which is one of the
main goals of our concept.

On the other hand, the variations of the transverse sizes at
the ICS point are much more significant. In fact, o, can
increase by 50% and ¢, by 120%. This would decrease
drastically the number of photons in the generated X-ray
pulse, since it depends quadratically on the transverse size
(see Eq. (10)). These variations of oy and o, are due to the fact
that when <E> is changing the nominal quadrupole triplet
settings are not appropriate anymore to symmetrically focus
the electron bunch and right at the intended position of the
ICS point. Namely, the positions of the focal points for ¢, and
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45% of the simulated events exhibit a lower value of og.
However, the tail is much longer on the side of the higher
values of o and extends up to +40% of the nominal value. As
previously explained this is highly penalizing for the
bandwidth of the generated X-ray pulse (see Eq. (11)).

The strong negative effects of the variations of <E>, g, 0y,
and oz observed in Fig. 25 indicates that a jitter of £, with gj;
= 3% around E,; = 115 MV/m is too strong to allow for
reasonably stable properties of the electron bunch at the ICS
point, and therefore of the generated X-ray pulse.

Fig. 26 shows simulation results for ox, 0y, or and <E> at
the ICS point for the smaller jitter gy = 1% (Ner = 2000000)
around E,; = 115 MV/m. It shows that this smaller jitter
would provide much more stable electron bunch properties at
the ICS point and would start to be reasonable for operation.
In fact, the variations of oy (o) drop to +/-10% (+30%) from
the nominal value at maximum and the ones of oz (<E>) to
+15% (+/-2%) from the nominal value at maximum.
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PUb|IShl[ﬁ'g‘ I 02 1 phase of the accelerating field in the THz linac, also referred
5002 : 08¢ 5016 08 ¢ to as @g, with @y = 0° denoting the optimal value. Fig. 27
e 068 g o2 o 6'@, shows the results of the parameter scan perfo'rme.d Wlth
“é . ?JE “é A = ASTRA for ¢y =-15° to +15°. The two Gaussian distributions
5 0.01 048 5008 042 later considered for the jitter in the present subsection are
2 / £ £ £ . . . .

B / 028 Boos 028 superimposed on Fig. 27. The bunch charge is not displayed
e / e since no charge losses happened in any cases.
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w:‘n minal value. Then, contrary to the case of the jitter on
5.3.3. Jitter of the electron bunch injection phase into the TB’\ o. and o, are only slightly affected by the fact that the
linac nominal settings of the quadrupole triplet become
Nappropriate, since they are never more than 7% away from
The third studied jitter is a jitter of the injectio e 0oy the nominal values.
of the electron bunch into the THz linac. Thig jitten, ariSes«, These small variations of o, and o, at the ICS point
from two main sources. The first one is the ase unfortunately do not prevent from having strong variations of
jitter of the source of the THz pulse driving th inac. og, which are even much stronger than for a jitter of £, since
The second one is the jitter of the electron ival time it can increase up to +120% of the nominal value for the most
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@o. In this subsection, we will only censider the jitter of ¢ generated X-ray pulse. These variations of oz come from the
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/ \dle ed in Sec. 3.1.2 shifts from its optimal value when the

Pu b]ltlﬁllhﬂqg} hase in the THz linac changes. This affects the

space-chiaige induced reduction of the correlated energy
spread as explained in Secs. 3.1.1 and 3.1.2. However,
contrary to the case of a jitter on E,,, this shift of AZ; does
not come from a shift of the position of the transverse focal
point, which is almost unchanged (= 1 mm shift) with the
simulated jitter of ¢@y. It rather comes from a strong shift (up
to several cm) of the position of the longitudinal focal point
represented by the parameter Zj,,; defined in Sec. 3.1.2. Note
that Zjone was almost invariant (= 1 mm shift) for the case of a
jitter on E,,;. The fact that the variations of oz are greater than
for the case of a jitter on £, simply comes from the fact that
for the assumed values of gj; the shift of AZ is bigger for a
jitter of @o.

0.05 el 1
- 0.08}
6 0.04f] 08¢ 8 L 08 ¢
2 T £ 006 3
2 0.03 065 2 06 5
o ,' c 9 c
5 0.02 / 048 3004 042
£ o E ‘g r ";é
k7 /! ° t
& 001 / \ 020 7002 028
’
' 0 0

10.1 10.3 10.5 10.7 0

Gx (um) Gy (um)

s 1 0.02
§50.12 08 g §0.016
2 3 2
2 J 065 20012
< 0.08H| If 2 °c
9o s 8
5 / 042 %50.008
£ .04/ |{ 5 =
27) 022  20.004

0

0
0.227 0.229 0.231
&x (m.mm.mrad)

N

g 0.02 08 ¢ 08 ¢

é 0.01 of' 0.4;,2

z 020 02¢€
0

100 140 180 220 260
o (keV)

0572 176 1784 ° )
<E> (MeV)
——’/ 1

Distribution functions
/é -==Partition functions

o
-
N
N
\

o
o
®
S

Distribution function
o
g T

"Z:;T

2 24

01 2
ot (fs)
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properties_at the ICS point under the influence of a jitter of ¢,
with gj; = 1.08° (= 10 fs timing jitter at f = 300 GHz) around the
nominal value. Vertical black lines: nominal properties obtained
with no jitter.

As explained in Sec. 3.1.2 this shift of AZ; also comes
with variations of the bunch length at the ICS point, which

are visible in Fig. 28. These variations of o; are bigger than
for the two other studied jitters, since it can be doubled by the
assumed jitter of ¢o. However, they are always of the single
femtosecond order.

Secs. 5.3.1 and 5.3.2 have demonstrated that the electron
bunch properties can be kept under control under the
influence of a pointing jitter or of a jitter of E,;, providing
that they are not too strong (g < 100 pm for the pointing
jitter and a;; = 1% fmzéI jitter of E,;). On the opposite, the
present subsection shi t this is not the case for o; and
especially o understhe influence of a jitter of ¢y with the
assumed gy 08°. /It would therefore be of great
importance to e achievable value of g to a few
oving the shot-to-shot stability of
roperties. Fig. 29 shows simulation
nd orat the ICS point for the smaller jitter gy =
nominal value, corresponding to a timing
3 fs (Ng- =2000000). It shows that the variations of
1d thus be kept below +30% (+25%) of the nominal
vfhfé‘ and start to be reasonable for operation.
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One should not forget that the results presented in this
subsection concern only the jitter of ¢, induced by the
internal phase jitter of the source of the THz pulse driving the
THz linac. The arrival timing jitter of the electron bunch at
the THz linac entrance will also contribute to it and has to be
studied in details in future studies. It can arise from several
sources. First, a jitter of the amplitude of the accelerating
field in the S-band gun implies a change in the bunch energy
at the gun exit, which results in a change of the travel time to
reach the entrance of the THz linac. Then, a jitter in the
transverse position on the cathode of the UV laser pulse
driving the gun results, as explained in Ref. 1 and in Sec. 3.2,
in a jitter of the bunch travel time from the cathode to the gun
exit. Besides, a transverse offset of the bunch implies that the
focusing solenoid (see Fig. 2) also has an impact, increasing
quadratically with the offset, on the travel time of the bunch
up to the THz linac entrance. Eventual jitters of the solenoid
magnetic field will in this case also have an impact. Finally a
change in the starting time of the bunch, namely a phase jitter
between the UV laser pulse driving the gun and the
accelerating field in the gun, also generates a bunch arrival
time jitter at the THz linac entrance. It is therefore crucial to
note that an arrival timing jitter of the electron bunch at the
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Pu bJ]S:l&hlﬂg) inch properties at the THz linac entrance. As a
tesult, it cannot be simulated following the simple method
exposed at the beginning of Sec. 5.3, but rather with a
numerical simulation starting at the photocathode and
including simultaneous jitters for the multiple parameters
generating the bunch arrival timing jitter at the THz linac
entrance. This could for example be done with the ERROR
namelist of ASTRA'2,

This arrival timing jitter of the electron bunch at the THz
linac entrance is one of the key and challenging technical
requirements for the hybrid concept developed in the present
paper, because the frequency of the accelerating field being
very high even a small jitter of the bunch arrival time could
result in a significant dephasing with respect to the THz
accelerating field, and therefore a change of the bunch
properties at the ICS point. As an example, at f'= 300 GHz (f
= 150 GHz) a 9.3 fs (18.6 fs) bunch arrival time jitter
corresponds to a dephasing of 1° with respect to the
accelerating field in the THz linac. An arrival timing jitter
around 10 fs is already very low but not impossible to
achieve. For example this is the one aimed at the end of the

beamline of the ARES linac (after two traveling wav
accelerating structures and a magnetic chicane), which i\

intended to be a test bench for external injection in severa
types of high-frequency accelerating structures (
wakefield, THz and laser-driven dielectric structures)
However Figs. 28 and 29, while not applicable for'a ji
@o due to a bunch arrival timing jitter at the T
entrance, give the hint that this may not be su nt

shot-to-shot stability of the electron bunc propN he
ICS point, especially for oz, and that m:%;cch ical
improvements will be of great importance redtce the
achievable arrival timing jitter to a few fs. Considering their
inferred importance, the variationg of the, electron bunch
properties at the ICS point undew thesinfluence of an arrival
timing jitter at the THz linac enfrance will bé the object of a
future detailed study.

5.3.4. Arrival time jitter at the poin

i CD in Sec. 5.3, in addition to the

ectron bunch trajectory changes,
t)f the electron bunch travel time up to
the ICS point. results in a not optimal time overlap with
the laser drivingtthe ICS, which leads to a decrease of the
effectively interacting with the electron bunch
ecrease of the number of generated X-ray
s. /Thewpurpose of this subsection is to give a first
f this effect.

To do“that, we simulate only the reference particle in
ASTRA over the parameter ranges assumed for the three
jitters, and we each time record its travel time up to the
intended ICS point. Fig. 30 shows the results of these
simulations, as the difference compared to the travel time for

S&gﬁ‘\\

assumed for the studied jitters.
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Fig. 30. Arrival time jitter of the electron bunch at the ICS point for
the three jitters studied in Sec. 5.3. Pointing jitter at the THz linac
entrance (top): gji: = 50 pum; Jitter of E, (middle): oji: = 1%; Jitter of
@0 (bottom): gj;: = 1.08°.

The first observation one can made on Fig. 30 (top) is that
the contribution of the pointing jitter at the THz linac
entrance to the bunch arrival timing jitter at the ICS point is
of the order of a few fs at maximum, making it therefore
negligible.

The two significant and comparable contributions to the
bunch arrival timing jitter at the ICS point shown in Fig. 30
are therefore the ones of a jitter on £, (up to * 20 fs if g =
1%) and of a jitter on ¢y (up to *+ 30 fs if g = 1.08°).
However, even if the maximal arrival time jitters of 20 and 30
fs are quadratically added, resulting in an arrival time jitter of
36 fs, this corresponds to only 3.6% of the rms length of 1 ps
we assumed for the laser pulse driving the ICS. As a result,
the impact on the time overlap of the electron bunch with the
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ALL,Ir pulse, and therefore on the number of generated

Pubpisibbagyill remain limited.

Lii conclusion, it can be said that none of the jitters we
studied up to now will have a significant impact on the time
overlap between the electron bunch and the laser pulse
driving the ICS.

6. Conclusions and prospects

In this paper, we have presented the optimization of a
concept of hybrid and compact ultrafast (single fs to sub-fs)
X-ray pulse source based on RF and THz technologies (see
Figs. 1 and 2).

We first demonstrated through ASTRA beam dynamics
simulations that the electron bunch energy spread at the ICS
point og, and subsequently the bandwidth of the generated X-
ray pulse, can be greatly reduced by the strong space-charge
forces experienced by the bunch in the vicinity of the ICS
point (see Fig. 3). We determined how this reduction of oz
can be optimized through proper choices of the position of the
electron bunch transverse focal point (see Figs. 4 and 5) and
of the electron bunch transverse size at the THz linac entrance
(see Fig. 6).

We then study the influence of the transverse shape of the
UV laser pulse driving the gun, using various profiles (se¢
Figs. 7 and 8). We demonstrated that for the low ‘buneh
charge regime we are considering, a Gaussian cut at g
transverse profile delivers much better electron “bunch
properties than a pure Gaussian (see Figs 9 to 12) and
equivalent properties compared to the radial andwuniformly
filled ellipsoid transverse profiles (see Table 1). We retained
the Gaussian cut at 1o due to its technical simplieity.

Finally, the importance of a fine-tuning “of the* phase
velocity of the THz pulse driving the linac “has been
highlighted. We demonstrated thatat /' ="450 GHz a value
slightly higher than ¢ comes with,a significantireduction of oz
(see Table 2 and Fig. 15), du€ to the ‘eptimization of the
electron bunch phase slippagefin‘the/T'Hz linac (see Fig. 14).

Following these optimizdtion schemes’, we derived several
working points for the electronsbunch“properties at the ICS
point for the two THz lina¢ frequencies /= 150 GHz (see
Table 4) and = 300"GHzsee Table 3), with final kinetic
energies close to reSpectively 15 MeV and 18 MeV. From the
lowest simulated ‘€harge (Q = 100 fC) to the highest one (Q =
5 pC), the simulatedsglectton bunch properties at the ICS
point are in the following'wanges: oz = 0.1 —2.6%, 6; = 0.4 -5
fs, 0xy =5 — 18, um, &, 5 0.11 — 0.53 r.mm.mrad and ¢, = 0.11
— 0.35 mimmemrad. W¢e also demonstrated that each individual
working, point is tunable through the strength of the final
transversewand longitudinal focusing experienced by the
electron bunch“(see Table 5). Namely, a stronger (weaker)
focusing willidecrease oy, and o; (0r) but increase o (ox, and
U[).

The properties of the X-ray pulse generated via ICS have
also been investigated with CAIN simulations (see Table 6).
We showed that a tunability of the ultrafast X-ray source
could be achieved thanks to the possibility to switch between
two different DLW corresponding to /= 150 GHz and /= 300
GHz, and by the possibility to switch between the first and

second harmonics of an IR laser with a wavelength around 1
pm to drive the ICS. The simulations we conducted (see Fig.
20) predict in the range between 2.9 keV and 11.5 keV, for a
laser pulse energy of 400 mJ, a number of photons per pulse
between 1.5*10* and 7.7*10* in 1.5% rms bandwidth or
between 6.2*10° and 3.5*10* with lower bandwidths
(between 0.56% and 1.5% rms along the energy range). They
also showed that the X-ray photon energy spectra present a
long low energy tail (se¢ Fig. 17), meaning that a filtering of
the X-ray would allowito significantly reduce the bandwidth
of the pulse witholit“geducing too much the number of
photons (see Fig. 18).

Finally, sevetal teehnical requirements for the concept
have been investigated,“determined and discussed. The
properties of the DLW, and of the THz pulse driving it
required forsthe/Cases presented in this paper are given (see
Table #7)s resulting in the conclusions that further
developments and“studies are needed to have a source
compatible withja compact layout (namely laser or gyrotron
based) but thatbeam-driven wakefields generated in DLW by
electronbunches provided by conventional RF accelerators
could be of great interest to produce enough THz power for
performing demonstration experiments. The influence of
several jitters on the stability of the achievable electron bunch
properties at the ICS point was also studied. A pointing jitter
of the bunch at the entrance of the THz linac has been shown
to only strongly affect or (see Fig. 22) and a value of 50 um
rms for this jitter (= 10% of the vacuum radius of the DLW at
/=300 GHz) has been demonstrated as acceptable (see Fig.
23). A jitter of the amplitude of the accelerating field in the
THz linac has been found to be more problematic, since it can
strongly affect <E>, o, oy and especially o, (see Fig. 25). A
value of 1% rms for this jitter starts to be reasonable for the
shot-to-shot stability of the electron bunch properties, but still
not totally satisfactory for o, (see Fig. 26). The most
demanding of the studied jitters is the jitter of the injection
phase of the bunch into the THz linac. In fact, it has been
demonstrated that a contribution of 1° to this jitter coming
from the internal phase jitter of the source of the THz pulse
driving the linac already leads to strong shot-to-shot
variations of o; and especially oz at the ICS point (see Fig.
28). We showed that a reduction of this contribution to a few
tenths of degrees starts to be reasonable for the shot-to-shot
stability of ox at the ICS point (see Fig. 29). In addition to
that, a second contribution to the jitter of the bunch injection
phase into the THz linac has been approached but not studied
into details in this paper, namely the bunch arrival timing
jitter at the THz linac entrance. This contribution is expected
to be of major importance because at f = 300 GHz a 10 fs
arrival timing jitter at the THz linac entrance, which is the
value aimed on the SINBAD facility at DESY®, already
translates into a 1° jitter of the bunch injection phase into the
THz linac. Improvements reducing this arrival timing jitter at
the THz linac entrance to a few femtoseconds would therefore
greatly help stabilizing the operation of a potential future
machine based on the concept presented in this paper. Finally,
it has been verified that none of the jitters studied up to now
will have a significant impact on the time overlap between the
electron bunch and the laser at the ICS point (see Fig. 30).
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AI lln addition to the further optimization of the working

Pu bﬂ»b&hd rpg ented in this paper, especially on the ICS point of

view, tic work will continue on several aspects. The
compactness of the hybrid concept presented in this paper
(see Fig. 2) represents a challenge for the implementation of
the electron beam diagnostics in the beamline, for which the
study is just in the preliminary phase and not discussed in this
paper. This will therefore be studied in more details and the
distances in the layout presented in Fig. 2 might have to be
adjusted according to the number and sizes of the required
diagnostics. The study on the influence of the jitters
susceptible to appear in experiments will be pursued with the
aim to more clearly define what the acceptable values are.
Especially, the influence of a bunch arrival timing jitter at the
THz linac entrance, expected to be significant and just
introduced in this paper, will make the object of a future
detailed study. The different types of THz sources mentioned
in Sec. 5.2 will also be investigated in more details and not
only on the aspect of the power delivered, especially the shot-
to-shot phase stability will be closely looked at, to determine
which one would be the most suited. An experiment is
currently in preparation by the authors in order to demonstrate
the acceleration around the 1 MeV level of an electron bunc
delivered by an S-band gun in a DLW driven by a laser-
generated THz pulse. Another experiment is also 1

preparation to develop a longitudinal diagnostics with
resolution, which is necessary for the concept presented™d

other than an ICS source, based on the hybrid la
in this paper will also be investigated,
ultrafast imaging with the electron bunch,
other advanced acceleration schemes (plasma,
acceleration, etc.).

Finally, one should note that t

study“presented in this
nches) (X-ray pulses)

source based on ICS because the n
remains limited due to_the cro
b?}een ¢ and 10° photons/pulse.
An important future study will therefore be to determine what
could be the repetifion ratey and therefore the X-ray flux, of
the concept we This repetition rate will be
mainly determined the/)ne that the S-band gun could
deliver and by the one achigvable by the THz pulse source.

ber’ of photons per shot
-section of the ICS
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=== Partition functions

Distribution functions
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