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The production of high spectral brilliance radiation from electron beam sources depends critically on the
electron beam qualities. One must obtain very high electron beam brightness, implying simultaneous high
peak current and low emittance. These attributes are enabled through the use of very high field acceleration
in a radio-frequency (rf) photoinjector source. Despite the high fields currently utilized, there is a limit on
the achievable peak current in high brightness operation, in the range of tens of Ampere. This limitation can
be overcome by the use of a hybrid standing wave/traveling wave structure; the standing wave portion
provides acceleration at a high field from the photocathode, while the traveling wave part yields strong
velocity bunching. This approach is explored here in a C-band scenario, at field strengths (>100 MV /m) at
the current state-of-the-art. It is found that one may arrive at an electron beam with many hundreds of
Amperes with well-sub-micron normalized emittance. This extremely compact injector system also
possesses attractive simplification of the rf distribution system by eliminating the need for an rf circulator.
We explore the use of this device in a compact 400 MeV-class source, driving both inverse Compton

scattering and free-electron laser radiation sources with unique, attractive properties.

DOI: 10.1103/PhysRevAccelBeams.25.063401

I. INTRODUCTION

High brightness beams, characterized by high peak
currents and ultralow normalized emittances, are of funda-
mental importance in new linear accelerator-based facilities
for numerous applications, such as electron-positron or
photon-photon colliders [1,2], x-ray free-electron lasers [3],
wakefield accelerator experimentation, coherent THz, and
inverse Compton scattering x-ray or y-ray sources [4].
Other important applications can be found, for example,
in the field of biomedical science, where low emittance
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photon beams are used to obtain high quality images for
diagnostics due to the increased resolution and contrast
they can provide [5,6].

For electron beams, in order to obtain high brightness,
photoinjectors [7-9] have been the essential instrument in
worldwide use for the last three decades. Their common
initiation point for giving birth to the electron beam is a
photocathode surface, which, after being illuminated by a
femtosecond-to-picosecond laser, typically in the ultra-
violet spectral region, emits electron bunches by the
photoelectric effect.

As of today, three types of photoinjectors are nowadays
employed in laboratories worldwide: the dc photoinjector
(dc gun), the normal conducting radio-frequency (rf)
photoinjector (NCRF gun), and the superconducting rf
photoinjector (SRF gun). The choice of a specific tech-
nology depends on many factors such as the peak electric
field, beam energy, and average current. dc guns are limited
in the maximum electric field strength that can be applied at
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the cathode surface (of the order of 10 MV/m) and the
maximum output beam energy, due to the short accelerating
gap. Therefore, the beam quality in terms of brightness (i.e.,
high bunch charge and small transverse emittance) is not
attainable in a compact footprint [10-14]. SCRF guns are
suitable for high repetition rate operation (even beyond
1 MHz) and have low electric fields at the cathode (of the
order of 10 MV/m), leading to an electron beam with large
transverse emittance, as of today [15-17]. On the other
hand, NCRF photoinjectors, operated in pulsed mode, with
metallic cathodes made of bulk material can sustain electric
fields well above 100 MV/m (at the cost of a lower duty
cycle, typically around 100 Hz repetition rate), thus
producing high-brightness electron beams. Their volumet-
ric footprint is a few tens of cubic centimeters, thus their
compactness [18-22]. Moreover, it has been recently
suggested the possibility of achieving surface fields around
500 MV/m. In support of this, experimental results have
been recently obtained in cryogenically cooled NCRF
accelerating structures [9,23]. Cryogenics operation (e.g.,
with liquid nitrogen at 77 K or 45 K [24] is also a valid
compromise between the other NC and SC technologies. In
fact, there is no need for an expensive and complicated
cryogenic plant since the accelerating cavity can be directly
placed inside a vacuum cryostat and cooled by a pulse tube
cryocooler’s cold head. To the same category belong those
guns which are operated in a quasi-CW mode, i.e., at very
high repetition rates (in the MHz or GHz range), although
their footprints are quite large because of the necessity to
dissipate high-average dissipated rf power [25,26].

In order to produce a high peak current (>>100 A) and
low-emittance (<1 um) electron beam, our proposal stands
in the rf and beam dynamics design of an ultracompact
NRCEF photoinjector in C-band of 4-5 MeV output energy,
with a hybrid configuration that can be installed in a few
tens of centimeters.

The photocathode is embedded in a standing wave (SW)
radio-frequency (rf) structure which accelerates the beam
up to an energy of few MeV (typically 4-5 MeV) in a few
cavity cells. This first part of the photoinjector is tradi-
tionally referred to as the rf gun and is typically separated
from the downstream postacceleration linac, as is employed
in all but the lowest energy experiments. After the exit of
the gun, the beam ballistically propagates through a drift
(with a consequent bunch lengthening) before entering a
linac, which is often chosen as a traveling wave (TW) type.
This linac is used for further acceleration or for other rf
manipulations. For example, one may utilize velocity
bunching compression and rf transverse focusing to opti-
mize the brightness [27,28] by increasing the current and/or
decreasing the emittance. The rf input power into the gun
and the linac can be fed with two independent power
sources, or by a single klystron, with the use of a power
splitter. In both cases, however, a circulator is typically
necessary. It is often located upstream of the SW rf gun in

the waveguide network, in order to protect the power source
from reflections due to mismatch upon filling and emptying
the SW cavity.

A different concept for obtaining high brightness beams
has been introduced in the form of a hybrid rf photoinjector.
The device is an integrated structure consisting of a
photocathode embedded in an initial 2.5 gun cell SW
section which is connected through an input coupling cell
directly to a TW section. This configuration offers several
advantages over the standard split SW/TW system, in both
rf engineering and beam physics performance. In particular,
the design nearly eliminates f reflections from the SW
section, thus obviating the use of a circulator. Moreover,
since the cell that couples the two structures replaces the
long beam pipe and the matching section following the rf
gun, one avoids the bunch lengthening effect due to the
ballistic drift. On the contrary, the 1f coupling between the
SW and the TW sections optimally results in a 90° phase
shift of the accelerating field, with a consequent strong
velocity bunching effect applied to the beam. This effect
can be used to produce very short bunch lengths, over an
order of magnitude smaller than that obtained in a split
configuration. Additionally, these properties, because of the
modest normalized vector potential (a,; = €E ../ M cw,s)
[29] involved, permit higher frequency (at high field [30])
operation. This can dramatically improve the beam bright-
ness with economic use of rf power.

The rf design of an S-band hybrid photoinjector was
discussed in [31] in the context of a UCLA/INFN-LNF
collaboration, while the first realization, including high-
power tests and measurements, was carried out at Pegasus
Lab, UCLA [32,33], by feeding the structure with a
klystron with an rf power of 11.5 MW. The possibility
of a straightforward scaling implementation of the structure
to higher frequencies was analyzed in [34], and this led to
the X-band version rf design and realization [35], as well as
beam dynamics studies and applications enabled [36]. As
the X-band case presented technical challenges—neither
the scaling of the solenoid nor cavity fields are straightfor-
ward—the realization of the device to 11.424 GHz was not
fully carried out. Indeed, if one wishes to operate at field
values inside of the current state-of-the-art, then C-band
presents an achievable choice.

As such, in this paper, we present the design of a hybrid
photoinjector operating at 5.712 GHz. This solution has
some advantages with respect to the S-band and X-band
devices. The higher frequency with respect to S-band
makes it more compact at equivalent energies and allows
one to obtain higher brightness beams since this quantity is
proportional to A=2 using natural scaling [30,37]. On the
other hand, the lower frequency with respect to X-band
reduces the overall costs, in particular, the rf power source.
Moreover, the largest irises of the rf cavities facilitate the
beam transport and reduce the deleterious effect of wake-
fields—beam loading and beam breakup (BBU) [38-40].
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FIG. 1. Basic
photoinjector.

layout of the compact hybrid C-band

The basic layout of our proposed design is shown in
Fig. 1. Starting from the rhs, we show the SW rf gun, then
the coupling cell with the input rf waveguide, and finally
the TW section. The rf structure is enveloped by the
solenoid coils and yoke assembly—this supplies a mag-
netic field to focus the beam and allow optimization of the
emittance compensation.

The paper is organized as follows: In the following
section, we present the rf design of the hybrid structure,
with the management of fields and power distribution.
Then, in Sec. III, the beam dynamics performance is
discussed, showing, for the first time for this class of
photoinjectors, the entire optimization process of the
emittance compensation in the presence of strong longi-
tudinal bunching. In the following two sections, a thorough
study of the beam in the drift following the photoinjector,
including a discussion of the emittance oscillations, space
charge modeling, and slice analysis is performed. The SW
linac provides acceleration to reach above 400 MeV, with
the beam dynamics presented in Sec. V. The applications of
this injector system, in particular the case for driving an
inverse Compton scattering source and a short wavelength
FEL source, are explored in Sec. VI. A final summary
section is dedicated to conclusions and outlook for the
future.

II. HYBRID STRUCTURE rf DESIGN

The rf design of the compact C-band hybrid photo-
injector was carried out using the electromagnetic simu-
lations code HFSs [41] and was initially introduced in [42].
A one-quarter section of the C-band hybrid photoinjector
from the HFSS analysis is shown in Fig. 2. The SW section
is composed of two-and-a-half cells operating in the =
mode. The TW section design employs the 27/3 mode. The
structure is optimized in order to obtain an electric peak

X

rf input (Port 1) rf output (Port 2)

\\\

\4

rf probe (Port 3)
/ fillets

v

Coupling iris

FIG. 2. One-quarter section of the C-band hybrid photoinjector
from HFSS.

field at the cathode of 120 MV /m. In this hybrid configu-
ration, the initial rf mismatch is reduced, which means low
reflected power from the structure to the source. The rf
power is provided through a symmetrical dual-feed wave-
guide system which is visible in Fig. 1 from the 3D
rendering while in Fig. 2 only one-quarter of the structure,
used for rf simulations, is shown because of its symmetry.
The employing of a symmetrical feeding power avoids both
field phase and amplitude asymmetries. In this configura-
tion, there is no need for a high-power circulator. As a
result, the rf power network and accelerator system foot-
print are considerably reduced.

The on-axis accelerating electric field can be expressed
as follows:

E.(z,1) = Eo(2) cos(¢(2) + 1), (1)

where E((z) is the on-axis field amplitude and ¢(z) is the
field phase.

The on-axis electric field amplitude profile and phase
distribution are shown in Figs. 3 and 4, respectively. The
/2 phase-shift between the SW and TW section, a
particular feature of this hybrid structure, allows for
velocity bunching thus obtaining ultrashort beams.

The main 1f parameters are given in Table I. The
required rf input power is about 40 MW in order to obtain
a peak surface electric field at the cathode equal to
120 MV/m. The ratio between the SW on-axis peak

x107
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FIG. 3. On-axis electric field amplitude profile.
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FIG. 4. On-axis electric field phase distribution.

electric field and the average TW electric field is equal to
E.,sw/(E.tw) = 3.25, where E_ , sy is also the maxi-
mum field value E,,, of the on-axis accelerating elec-
tric field.

A. TW section rf efficiency optimization

In order to improve the power efficiency of the hybrid
photoinjector, we have also investigated a tapered TW
section. Smaller group velocity at TW input allows a larger
field in the SW section enhancing the energy with less
available power. It was possible to reduce rf input power to
about 20 MW versus the 40 MW required for the original
design. As a consequence, the bunching effect becomes
weaker. The outcome offers a solution that overcomes
possible limitations in the rf power source at the expense of
the output minimum bunch length achievable, i.e., and the
associated maximum available bunch peak current, as
discussed in the following section.

For a Compton scattering source, as is shown throughout
this work, the scenario with higher efficiency and lower peak
current can fulfill the design specifications. For the short
wavelength FEL case, however, we have investigated the use
of the original design with more effective bunching, which
uniquely enables the gain needed for this application.

III. BEAM DYNAMICS

In this section, we discuss the optimization of the
emittance compensation process for this new class of

TABLE 1. Main rf parameters for an rf input power P, =
40 MW and cathode electric field E, = 120 MV/m.

Parameter SW section TW section
Operation mode r 27/3
Quality factor, Q 9900 9900
Effective shunt impedance, Ry, 52 MQ/m 65 MQ/m
Mode separation 21.5 MHz 40 MHz
Buildup time, 7 530 ns e
Group velocity, v, - 2.73%
Attenuation, o 0.23 m™!
Filling time, ¢, 21.3 ns

TABLE II. Main input electron beam parameters.
Parameter Value
Beam charge, Q 250 pC
Spot size, o, (cut at 1o) 0.5 mm
Bunch length, o, 0.5 ps
E field at cathode, E, 120 MV/m
Number of macroparticles 50 000

photoinjectors. This is a new design horizon, given the
use of 2.5 accelerating cells, a scenario not previously
presented.

The beam dynamics of the C-band photoinjector was
performed by using the General Particle Tracer (GPT) code
[43]. The main input electron beam parameters at the
extraction plane (photocathode) are given in Table II.
The beam charge is Q = 250 pC, which is attractive for the
radiation production applications we are examining. The
first design explorations were performed with a uniform
beam transverse profile; however, a collimated distribution,
formed with a Gaussian profile cutoff at 1, with an rms
spot size 6, , = 500 pm is ultimately chosen. The rationale
for this choice is discussed below. The bunch length is also
Gaussian in profile with 6, = 0.5 ps.

The on-axis normalized magnetic field profile is given in
Fig. 5. The optimal peak magnetic field of the solenoid
around the hybrid structure is B, = 0.27 T. The amplitude
of the E,, sw/(E, tw) accelerating fields and the solenoid
field in the SW and TW sections (B,sw and (B, 1w),
respectively) and the laser input phase are optimized to
maximize the beam brightness after the end of the structure,
with subsequent completion of the simultaneous compres-
sion and emittance compensation processes. A full engi-
neering design of this relatively modest field (particularly
as compared with the previous attempt at designing an
X-band hybrid, for which the solenoid was extremely
challenging) has been completed and is presently being
constructed. In this design, a bucking coil is used to
cancel the magnetic field at the cathode, eliminating
contributions to the emittance from the electrons’ canonical
angular momenta.

o
2
T

Normalized Magnetic Field, Bz (T)

-0.15 0.1 -005 0 005 01 015 02 025 03
Z axis (m)

.é;‘
N

FIG. 5. On-axis normalized magnetic field profile.
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FIG. 6. The beam energy gain from the cathode at z = 0 m up
to the end of the beamline with two high-gradient linacs.

In order to attain the emittance compensation process, as
a first attempt, two linacs based on a distributed-coupling
geometry due to Tantawi [44], operated near 50 MeV/m
accelerating gradient, are used. The first linac entrance is
located at 80 cm from the hybrid photoinjector. The beam
energy reaches over 100 MeV after the linac sections, as
illustrated in Fig. 6. We note that this energy corresponds to
a maximum needed for demonstration experiments using
Compton x rays in the injector project’s initial phase; the
full system energy for second phase production of y rays
has been also simulated, and its details will be reviewed in a
separate document.

All parameters were optimized in order to minimize the
beam emittance, which reached below ¢, = 0.5 mm mrad,
while maintaining strong pulse compression downstream of
the hybrid. The emittance performance obtained is
shown in the simulations displayed in Fig. 7. In the same
figure, we show the beam transverse distribution, which
follows the predicted ponderomotive focusing in axisym-
metric linacs [45], with a final spot size of about
0y =200 ym. This ultimately led to a condition just
upstream of the linac entrance where there are nearly
simultaneous longitudinal and transverse space-charge
dominated waists.

-6 %10
3510 : : : ‘ 16
3 14
2.5 12
® 2 10 :{5:
£ >
=15 8 &
.
1 6
0.5 4
0 . i . T o 2
0 0.5 1 1.5 2 2.5 3 3.5 4
Z axis (m)

FIG. 7. Evolution of the rms transverse beam size o, and
normalized transverse emittance €, along the beamline; beam
charge 250 pC, energy 100 MeV.

3 5x10“‘
3 ]
25
E 2 |
" 1.5
1h ]
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0 ‘ ‘ ‘ ‘ ‘
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FIG. 8. Evolution of the rms bunch length o, along the

beamline; beam charge 250 pC, energy 100 MeV.

It is noted that the beam envelope in the linac evolves as
0.,(z) xy7!/2, obeying the prediction behavior for an
optimally emittance-compensated beam [37] by following
the invariant envelope. The longitudinal waist approxi-
mately yields the final bunch length, as the linac accel-
eration freezes out further evolution of ¢,, which reaches
400 fs (see Fig. 8). This corresponds to a beam peak current
above 300 A. This scenario results in the 6D phase space
(on both the transverse and longitudinal planes) compen-
sation, in which minima in beam emittances (as well as
sizes) are reached in all three phase planes. The detailed
analysis of this joint transverse and longitudinal waist,
which occurs nearly simultaneously in z, is carried out in a
following section utilizing the beam slice investigation.

This short bunch length provides an essential advantage
in Compton scattering sources, as it adds flexibility in
introducing a small crossing angle in the interaction with-
out diminishing the scattered photon production. It is also a
key enabling characteristic for driving a compact, short
wavelength free-electron laser. In both Compton scattering
sources, the low emittance enables a desired narrow
bandwidth in the scattered photon flux, whereas in the
FEL, the low emittance and high peak current yield high
gain in a short period undulator.

A. Laser pulse shaping

Beam shaping at the photocathode injection has been
investigated with two different transverse laser distributions
assumed. The first form is a simple uniform distribution in r
(flattop), while the second has the shape of a truncated (at
1o) Gaussian. Both distributions have a hard radial edge
obtained by collimation at a radius of 0.5 mm. These two
cases are compared in Fig. 9. The results of this study
demonstrated that the choice of the transverse truncated
Gaussian gives two major operational advantages, as
theoretically described and experimentally observed in
various rf gun-based sources [46—48]. First, in a practical
concern, it reduces the complexity of the drive laser optical
system, as the flattop is more challenging to obtain while
maintaining good laser system efficiency. Second, it yields
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FIG. 9. (left) Flattop profile in x and y; (right) cut-Gaussian of
same radius (0.5 mm) which corresponds to 1o in the distribution
before the cut.

a notable increase of brightness in the electron beam
through improvement in the collective beam dynamics.

Indeed, the most critical advantage of using this highly
optimized source is that the emittance is lowered signifi-
cantly as compared to previous designs. In initial studies
using a uniform transverse laser illumination, the optimized
rms normalized emittance has been found to be near
0.75 mm mrad. When one uses the truncated Gaussian
laser profile on the photocathode, however, this normalized
emittance descends dramatically, to 0.46 mm mrad. The
simulation of this case, which is performed using 1 million
superparticles for convergence to definitive results, is
shown in Fig. 10.

This improvement can be ascribed to the fact that the
initial beam dynamics is dominated by rapid expansion,
first longitudinally and then transversely. This scenario may
therefore be described as a mixed longitudinal-transverse
blowout mode. In this way, as discussed in further detail
below, the effects of space charge tend to produce a uniform
ellipsoidal beam distribution in configuration space at
minimal cost in initial emittance growth.

6
420 . ‘ ‘ . :

35 == Uniform | |

25

n
N

1.5

Emittance_ (mm mrad)

0.5

0 1 2 3 4 5 6
Z(m)

FIG. 10. Normalized transverse emittance for two-beam trans-
verse distributions: Gaussian (red) and uniform (blue).
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(b) Normalized rms emittance
FIG. 11. Behavior of the rms parameters (a) and the rms

normalized emittance (b) up to 1 m downstream the cathode.

IV. BEAM DYNAMICS IN THE DRIFT

In the simulations, a lengthy drift was added after the
hybrid photoinjector exit to allow the beam to evolve
toward optimization of its physical properties through
compression and emittance compensation.

We show in Fig. 11 the behavior of the rms parameters
(a) and the rms normalized emittance (b) up to a position of
1 m from the cathode.

A. Slice analysis

In order to perform a more detailed analysis of beam
dynamics, we analyzed the behavior of the beam slice. To
do this, we have utilized the data obtained from simulation
code GPT that produced the results discussed above. We
binned the bunch distribution into ten longitudinal slices at
the photocathode (Fig. 12). Each slice has the same initial
longitudinal size and so they are populated by a different
number of particles, as to the injected particle distribution is
not longitudinally uniform. Particles of each slice are
marked with different colors, which they maintain through-
out the analysis along the entire beamline.

This type of analysis allows us to observe the bunch
evolution [Fig. 12(a)] to examine the possible mixing of
slices and, more importantly, the transverse [Fig. 12(b)] and
longitudinal [Fig. 12(c)] slice phase spaces.
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FIG. 12. (a) Slice partition at the cathode, (b) slice transverse
phase space, and (c) energy-position correlation.

A small artifact is noted in implementing the slice
analysis: the binning into longitudinal slices is performed
at a distance z = 0.001 m from the cathode. This is done so
that all macroparticles in the simulation are emitted by this
point. For this reason in Fig. 12(b), we observe that in the
transverse phase space there is already a correlation
between x and x’. This correlation does not produce,
necessarily, emittance growth, as it is obtained by examin-
ing an instant in time #, as opposed to a single value of 7 as
one should rigorously use to describe the emittance. The
rounded shape at the tail of the beam observed in Fig. 12(a)
is due to the effects of the image charges at the cathode.

The effects of a range of relevant beam processes, such
as velocity bunching, space-charge effects [49,50], and
compression are revealed by this analysis. Such effects are
prominently apparent in Fig. 13 which shows the beam
reaching an ellipsoidal shape near the emittance minimum
position (z = 0.52 m) and the modified transverse and
longitudinal phase spaces. We note that a significant
correlation of the longitudinal phase space persists (longi-
tudinal laminarity) during the bunch longitudinal minimum
(waist), which is the evidence of a space-charge-dominated
behavior. This type of analysis also reveals insight into the

s[m]: 0.52

(a) Bunch (b) TPS (c) LPS

8.3

AN

—0.250.00 0.25
z[mm]

—0.250.00 0.25
z[mm]

-1 0 1
X [mm]

FIG. 13. Modified bunch (a) shape and (b) transverse and
(c) longitudinal phase space properties at the emittance minimum
(z=0.52 m).
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FIG. 14. Slices analysis for uniform distribution. (a) Slices
partition at the cathode position (z = 0 m) (b) Slices partition at
the emittance minimum (z = 0.52 m).

reasons why the truncated Gaussian distribution produces a
reduction in the output emittance.

In the flattop case, we observe in the plots shown in
(Fig. 14) that the shape of the slices in the transverse phase
space is not linear, while for the truncated Gaussian case they
are much closer to this ideal linear form. This is evidenced
by the shape of the beam generated [Fig 14(a)], but it is also
reflected in the improvement of the emittance minimum
[Fig 14(b)]. The reason for this behavior lies in the fact that a
truncated Gaussian distribution is similar to the ideal para-
bolic distribution that produces longitudinal blowout. As a
result, the space-charge forces inside the beam become
nearly linear almost immediately [51] upon emission. This
longitudinal blowout [52-54] is reinforced by the sub-
sequent transverse blowout, which is also initiated efficiently
by a distribution close to the final ellipsoidal form desired.

B. Ellipsoidal shape

The evolution of the beam slices investigated so far
suggests that, as the bunch leaves the hybrid photoinjector,
it forms and maintains a nearly ellipsoidal shape during
expansion and compression. This statement may be quan-
tified in two complementary ways. In the first approach, a
geometric analysis was carried out with the distribution
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FIG. 15. Demonstration of the ellipsoidal shape. The red grid is
the shape of the ellipsoid surface of Eq. (2) with semiaxes a =
b= ax\/g and ¢ = yazx/g and u = 1 evaluated at the waist
position z = 0.64. The blue dots are the 3D distribution particles
at the waist position, too.

compared to a parametric ellipsoid described by the
following equation:

2 2 2

X y z
E'u): e + e +

2 L (2)

where u € (0, 1] and a, b, and ¢ are the principal semiaxes
of the ellipsoid in the beam frame—notice, in fact,
that quantities exhibit the “prime” symbol. As can be seen
in Fig. 15, the beam is contained within the ellipsoidal
boundary with the semiaxes values obtained from the rms
parameter of the bunch (¢ = b = 6,1/5 and ¢ = yaz\/g)
and u = 1.

In Fig. 16, the complementary expectation for the
uniformly filled ellipsoid is validated, as we show the
uniformity of the resultant beam density after ellipsoidal
boundaries are reached. This binned plot shows remarkably
constant uniformity in the density distribution, with small
statistical artifacts present. There is also a region near the
ellipse boundary with irregular density, an effect arising
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FIG. 16. Spatial binning of beam density, showing the develop-
ment of a uniform distribution.

from nonlinear fields and accompanying effects such as
wave breaking [55].

C. Ellipsoidal space-charge forces

The achievement of a nearly ellipsoidal distribution
greatly simplifies the analysis of the beam dynamics during
acceleration, where we must confront the simultaneous
need to understand very powerful rf focusing, space-
charge, and wakefield effects. The ellipsoidal beam, as
described above, permits an elegant implementation
of the space-charge effects through a straightforward,
accurate analytical model. Following the long-established
methods introduced in [51], we consider a charge Q
homogeneously filling the ellipsoidal volume inside the
boundary described by

2 2 0

5/:?+%+?:1, (3)
where a, b, and c are, as above, the principal semiaxes of
the ellipsoid. In the reference frame comoving with the
beam, where the electrons are nearly at rest, the electro-
static potential for a point inside the ellipsoidal surface is
given by

© 2
L y o ) dt
b+t c*+1) o)
= Dy — Apx> — Byy* — Cyz'?, (4)

where (1) = (a® + 1)(b* + 1)(c* + 1) is an auxiliary func-
tion and the coefficients from A, to D, depend only on the
semiaxes ratios a/b, a/c and on the total charge (see also
[56]). Inside the distribution, the field derived from the
quadratic potential in (4) grows linearly with the displace-
ment from the center in all three directions yielding linear
forces in the beam reference frame [53,54].

Field linearity along the axes is preserved by Lorentz
transformations and, therefore, it still holds in the labo-
ratory frame where the relevant changes in momentum are
calculated. Such behavior results in a very special regime:
A uniform ellipsoid subjected to linear forces, both self-
induced (e.g., space charge) and applied externally
(solenoid, quadrupole), can expand and contract changing
its size and orientation but it maintains the uniform
ellipsoidal shape in the limit of space-charge-dominated
behavior. As a consequence, in this regime, the space-
charge forces derived from (4) provide a self-consistent
model for the evolution of the beam, without the need to
consider of emittance-induced dynamics.

In order to investigate this special behavior, we compare
the evolution of the actual beam produced by the hybrid
gun with the case of ellipsoidal self-induced forces. To do
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FIG. 17. Second order moments (rms length ¢, and rms energy

spread o) of the beam distribution in a ~1.5 m long drift space.
Comparison between GPT (solid lines, blue for ¢, and green for
op) and custom tracking with ellipsoidal space-charge forces
(dashed lines, red for 6., and purple for o). The tracking starts at
z = 0 where the beam exits the hybrid photoinjector. (a) Trans-
verse plane. (b) Longitudinal plane.

so, we exploit MILES: a custom tracking code developed
by us for studying the effects of transverse wakes in
linacs [57]. In particular, such code uses the analytical
model for a uniformly charged ellipsoid described above
to account for both transverse and longitudinal space
charge forces.

In Fig. 17, we show the evolution of the electron beam
parameters obtained from the hybrid photoinjector in the
drift space of length ~1.5 m. The plot shows the rms
transverse envelope, the rms bunch length, and the rms
energy spread evaluated with the tracking code MILES
(dashed lines) in comparison with the original results from
GPT (solid lines). For simplicity, we chose z =0 to be
located at the exit of the TW section where the drift region
starts. As the beam propagates in absence of external fields,
it is only subjected to self-induced forces. Therefore, the
agreement shown in this comparison illustrates that the
assumption of a quasi-uniform ellipsoidal shape for
calculating the collective space-charge forces is quite
satisfactory.
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FIG. 18. The beam energy gain from the cathode at z = 0 m up
to the end of the beamline with eight high-gradient linacs.

V. EXTENSION TO HIGH ENERGY OPERATION

In this section, we investigate the extension of the
injector operation to reach high electron energy. In par-
ticular, the following topics have been addressed:
(a) Acceleration and beam dynamics management to
400 MeV in eight Tantawi-style [58] structures; (b) beam
breakup, short-range wakefields as well as alignment
tolerances in advanced light sources.

A. Beam dynamics in the high energy scenario

Eight linac sections based on a distributed coupling
geometry developed by Tantawi er al. [58], operated at
50 MV /m accelerating gradient, are used. The first linac is
located at ~80 c¢m from the hybrid photoinjector. The beam
energy gain up to ~400 MeV is given in Fig. 18. It can be
noted that the first linac gradient is slightly higher than the
other ones in order to obtain close matching of beam
envelope to the invariant envelope [37].

As discussed above, full 6D phase space compensation
was obtained just upstream to injection into the linacs. All
parameters were optimized in order to obtain beam emit-
tance minimization, to €, = 0.5 mmmrad, as shown in
Fig. 19. This condition is reached simultaneously with
bunch compression down to ¢, =200 fs (see Fig. 20),
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FIG. 19. Evolution of the rms transverse beam size o, , and
normalized transverse emittance €, along the beamline; beam
charge 250 pC, energy 400 MeV.
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FIG. 20. Evolution of the rms bunch length o, along the
beamline; beam charge 250 pC, energy 400 MeV.

corresponding to a beam peak current above 600 A. These
parameters, as discussed further below, are attractive for
advanced applications.

B. Beam breakup, alignment tolerances,
and trajectory corrections

Linac sections exploiting distributed coupling tech-
niques have the advantages of enhancing the accelerating
gradient as well as the transverse focusing due to rich
content in nonsynchronous space harmonics [45,50].
Nevertheless, small cell irises are also accompanied by
strong wakefield interactions which may threaten the
nominal beam quality [38]. In linacs, the major effect of
this kind arises from the transverse dipole component of the
electromagnetic field excited by particles traveling off axis
in the structure. The strength of the corresponding inter-
action in periodic accelerating cavities is described by
Bane’s wake function and scales approximately as the
inverse third power of the iris radius [59].

The excitation of dipole wakefields due to particles
traveling off axis can be considerably enhanced when
machines are subjected to alignment errors which will
cause deviations from the nominal trajectory. Such imper-
fections can lead to a significant phase space dilution and,
therefore, it is crucial to investigate alignment tolerances in
order to ensure the design performance.

In the following, we present a study on random align-
ment errors affecting the eight-section linac used to arrive at
the energies needed for the application of this injector to the
light sources. The simulations are performed with MILES
[57], the tracking code introduced previously which
employs the space-charge forces in ellipsoidal distribu-
tions. This computational tool also accounts for the short-
range transverse wakefields by means of the so-called
wakefield matrix formalism [60,61], which permits
straightforward inclusion of rf acceleration as well as
transverse forces.

The code thus provides a unique model for examining
BBU, including effects—rf focusing and strong space
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FIG. 21. rms emittance dilution induced by random alignment

errors in a eight-section linac. The input location is z = 0 and the
emittance is normalized by its injection value.

charge—that extend beyond the usual high energy
approximations.

For simplicity, our current analysis investigates sepa-
rately the effects of random transverse offsets and tilt angles
with respect to the main linac axis although the two effects
can be easily combined. The analysis assumes alignment
errors (offsets Ax; or tilt angles o,,1 <i <8) with a
Gaussian distribution for which the standard deviation
(oA, Or 05) can be chosen arbitrarily. A large number
(e.g., 50) of simulations are performed changing in each
instance the set of random errors. The rms emittances
obtained are then averaged in order to mitigate the
statistical fluctuations. In Fig. 21, the emittance, normal-
ized to its value at injection, is shown for different values of
the characteristic errors.

The picture suggests that for alignment errors below
25 microns the emittance growth is limited and should not
notably degrade the beam quality. In addition, this tolerance
is a feasible value, achievable through suitable surveying
procedures (see, e.g., [62]). It has to be noticed that the
mechanical alignment which can be achieved with C-band
structures is below 50 um [63,64], thus reassuring that our
error tolerance analysis leads to a constraint which is then
feasible. Conversely, the emittance dilution is not negligible
for errors of increasing entity, as shown for the 50 microns
case, and correction schemes based on steering magnets
should be considered. In order to demonstrate the efficacy
of beam-based alignment (BBA) methods, we apply the so-
called one-to-one steering algorithm [65] for the following
reference case.

Let us assume that the first accelerating section of the
linac is shifted in the transverse plane with an offset
Ax; = 50 ym. In order to compensate for the deviations
from the nominal trajectory, we also assume a set of beam
position monitors (BPMs) and steering dipole magnets.
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The former measures the transverse displacement of the
beam center of mass whereas the latter applies correction
kicks in the transverse plane according to the Lorentz force
acting on a charge g with rest-mass m,

F, qgK
A)C/ = /Wdz = _ﬂym P (Sa)

K= /By(z)dz, (5b)

where K is the integrated dipole field and accounts for the
corrector strength. The resulting lattice foresees a dipole
kicker upstream and a BPM reader downstream for each
linac module so that the corrections can be adjusted as a
function of the BPM measurements. Indeed, one-to-one
algorithms aim to find the field strength in the steering
magnets which ensures zero transverse offset at BPM’s
locations.

The application of the algorithm is shown in Fig. 22 for
the reference case described above. For comparison, addi-
tionally, the results for an ideal machine with no misaligned
sections are shown by the green squares. We note that
without corrections (red triangles), the beam travels away
from the nominal axis and excites dipole wakefields, thus
increasing the emittance by a factor ~2. Conversely, if the
corrections provided by the one-to-one algorithm are
applied, the new trajectory (black dashed curves) intersects
the nominal axis at the BPM locations indicated by the gold
crosses. However even though the corresponding emittance
growth reduces significantly, it is not avoided entirely, since
the algorithm aims for a local optimization of the trajectory
rather than a global emittance minimization. Alternative
approaches based on the “dispersion-free steering” strategy
[66] will be investigated in future work in order to achieve a
global correction yielding the minimum rms emittance.

VI. APPLICATIONS

With both the performance of the injector and postaccel-
eration systems well-optimized, we can proceed to discuss
applications enabled by the unique characteristics of this
compact, high-brightness electron beam source. We have
investigated two possible scenarios: application to inverse
Compton scattering and free electron laser (FEL) sources.
Both of these employ, by necessity, moderately high
energies (in the 300-500 MeV range) to reach the relevant
photon characteristics. There are also other possible appli-
cations that are not critically dependent on the electron beam
energy (e.g., creation of narrow-band THz radiation through
driving dielectric wakefield structures [67]).

A. Inverse Compton scattering source

In order to meet the requirements of the final focusing for
low bandwidth and very high flux inverse Compton
scattering (ICS) source, we have studied the final focusing
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FIG. 22. Demonstration of one-to-one steering algorithms.
Green squares represent an ideal machine with no misalignments
while red triangles represent a linac whose first section is 50 ym
off axis. Introducing the magnetic corrections according to one-
to-one procedures, the new trajectory and emittance are given by
the black dashed curves. The gold crosses identify the location of
the BPMs. (a) Center of mass trajectory. (b) Normalized rms
emittance growth.

scheme for a beam, in an intermediate medium-energy case
at 220 MeV, obtained using four linac sections). The focal
system is composed of a tunable permanent magnet triplet
array [68,69] with lengths of 6 cm-12 cm-6 cm and nominal
gradients of 102 T/m-94 T/m-102 T/m, respectively.

Start-to-end simulations of this scenario have been
performed with the GPT code. The full beam envelope
evolution is shown in Fig. 23 while Fig. 24 shows the
interaction region which illustrates the predicted very
compact (below 9 ym) spot sizes.
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FIG. 24. rms beam sizes o, and o, in final focus system at

220 MeV from GPT start-to end simulation.

Indeed, a variation on the hybrid photoinjector presented
here is now being used to realize a high flux, narrow band
(high brilliance) ICS sources of gamma rays, in a project
including the present authors and led by RadiaBeam
Technologies. To give an idea of the capabilities of the
currently discussed system for such an application, we
assume a collision of the (frequency-doubled Ti:Sapphire)
laser beam with a 0.4 ym wavelength laser focused to the
same spot, or wy ~ 14 um, containing total pulse energy of
U, = 200 mJ. In this case, we can write the total number of
Compton photons produced per collision as

N, U,
=—— 0
drhw;o,0, T

(6)

4

where 67 = 20?42 /31 ~ 6.65 x 10 m? is the Thomson
cross section. For the parameters given, the flux per
collision of gamma rays, having nominal peak energy
per photon u, ~2.3 MeV, is N, ~ 3.5 x 107 photons. This
estimate includes all scattered photon energies.

For applications that are sensitive to the spread of photon
energy, there are numerous contributions to the final
relative bandwidth of the ICS pulse to take into account
[70-72]. This is an exercise beyond the present article’s
scope, but there are a few dominant effects that should be

mentioned in the context of the hybrid injector as
presented. In order to achieve low final bandwidth,
one should remove the inhomogeneous broadening
through off-axis red-shifting by collimation, which
leaves a few percent of the photons surviving. The
bandwidth is then limited by homogeneous processes,
notably due to the angles in the beam electrons and the
nonlinear redshifting, In the first case, the relative band-
width is BW, ~¢’.y/vV2 = €,/v26, ~5.5 x 1073,

Likewise, the nonlinear interaction component is esti-
mated to be BWy; =~ a? /2 [73]. Here a; is the normalized
vector potential associated with the laser and is obtained
by evaluating the laser intensity through a7 =7.3 x
10719 A(um), with the intensity I=U,c//2z6,w3 quoted
in W/cm?. The final focus gives an upper limit on the laser
pulse length, as to avoid the “hour-glass” effect of
diminishing the luminosity [71], one cannot choose the
laser pulse length 6; < Zp, and so the intensity of the laser
is given, as I > U;c/ \/2_7rw(3). For our example, we have a
I>8.5x 10" W/cm?. The contribution to the relative
bandwidth from nonlinear effects is thus estimated
as BWy, ~4.6 x 1072

Finally, we note that in photoinjector-driven ICS sources,
there is an important effect that arises from misalignment or
jitter in the transverse position of the laser impinging on the
photocathode. Small deviations from alignment can be
relatively magnified at the final focus, as while the envelope
is focused at a strength partly specified by space-charge
effects, this outward force is not present in setting the
trajectory of the beam centroid. Thus there is a mismatch in
the beam centroid optics and those of the envelope; an
offset at the photocathode is not minimized at the IP in
general. We illustrate this effect in Fig. 25. It can be seen
that the initial misalignment of 100 microns at the photo-
cathode leaves a residual misalignment at the IP of
11 microns. Comparing this to the beam sizes at the IP,
we should require that the misalignment (systematic or
jitter-induced) at the photocathode be no larger than
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FIG. 25. Beam centroid offset and beam envelope near the

Compton interaction point, with an initial misalignment of the
centroid of laser on the photocathode of 100 microns.
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FIG. 26. Instantaneous gain length (orange) and laser power

(blue) as calculated in GENESIS. The peak power at saturation is
approximately 830 MW.

25 microns. This is similar to the requirement arising from
consideration of short-range BBU in isolation; the mis-
alignment indeed seeds the BBU effects described above.

The optimization of parameters to achieve the desired
source property such as peak spectral brilliance is apparent
from this brief discussion. We also note, in regards to the
final focus example given here, that the beam optics system
described above is straightforwardly scalable to lower beam
energies (around 100 MeV), in which case the use of
standard normal conducting electromagnets with gradients
around 20 T/m is permitted.

B. Short wavelength free-electron laser

Simulations modeling the original design of the hybrid
photoinjector in high energy operation have suggested it to
be suitable for use as an x-ray FEL injector. In this
application, the gain length and photon-per-pulse output
profit from the considerable longitudinal compression the
hybrid design imparts, and the consequently high peak
current. Linear transformations matching the transverse
phase-space orientation were performed to optimize the
gain through an 8 m FD lattice with 15 T/m quadrupoles in
GENESIS [74]. These optimal matching dimensions, along
with other relevant simulation parameters, are reported
below in Table III

The GENESIS simulation results, as shown in Fig. 26,
indicate saturation and lasing at 4 = 6.0 nm, with a mean
single shot energy output of 62 uJ. It should be noted that

TABLE III. FEL simulation input parameters.

Parameter Value
Beam charge, Q 250 pC
Spot dimensions, o, 22 x 15 ym
Normalized emittance, €, , 0.50 mm mrad
Bunch length, o, 190 fs

Mean energy, ymc? 400 MeV
Fractional energy spread 0.054%

10°

107

Power [W]

FIG. 27. Instantaneous gain length (orange) and laser power
(blue) as calculated in GENESIS for water window (4 nm) soft x-ray
FEL. The peak power at saturation is approximately 4.2 GW.

the transverse tuning required to match the beam to the FD
lattice can be obtained with quadrupoles and solenoids
alone. In particular, no bunch compression mechanism is
required, with the hybrid design’s ability to effect simul-
taneous 6D phase space compensation relieving us of the
difficulties (e.g beam self-interaction through CSR and
transverse emittance growth) associated with postaccel-
eration compression.

With a slight expansion of the system footprint, by
adding two more linac sections (thus increasing to the final
energy and permitting off-crest operation in part of the
linac) as well as a compact (~1 m) chicane, we can enable a
soft x-ray FEL operating in the water window at A = 4 nm.
The performance of this system is summarized in Fig. 27.
The increased current has a dramatic effect on the peak
power (4.2 GW is predicted), by introducing higher peak
electron beam power and by increasing p by 50%. The
resulting Pierce parameter is p = 1.4 x 1073, This is
consistent with the expected extraction fraction of electron
beam peak power.

VII. CONCLUSIONS

We have presented the rf and beam dynamics optimi-
zation analysis of a new class of a compact hybrid
(SW/TW) photoinjector for next generation linac accel-
erator-based research facilities. To illustrate the use of this
type of optimized injector, several examples of high
performance applications are discussed. While we restrict
the discussion here to the two examples of ICS and FEL
sources, many other state-of-the-art capabilities (e.g.,
wakefield accelerators, THz sources) are introduced by
this compact device.

The photoinjector studied in detail operates in C-band at
5.712 GHz, where the rf model has been optimized to
operate with an electric field of 120 MV /m at the cathode,
which is at the present state-of-the-art for normal temper-
ature gun structures. This optimization has permitted a
modest input power requirement of <20 MW.
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The beam dynamics analysis has been carried out with
the purpose of obtaining a full 6D emittance compensation
(both on the transverse and longitudinal planes) with a
250 pC electron bunch. The simultaneous focus out to the
hybrid, achieved immediately upstream of the postaccel-
eration linac, produces a uniformly filled ellipsoidal beam
distribution that indeed approaches spherical shape. This
gives a unique system in which to study single component
plasma physics dynamics; such a study is now underway.
This optimization has also produced very high beam
quality in simulation, as it yielded excellent emittance
compensation along with strong compression to give high
peak current—a very high 5D beam brightness is achieved.
In the course of the optimization study, we have found a
remarkably strong dependence on the beam’s transverse
distribution launched at the cathode. By choosing a
truncated Gaussian as opposed to a uniform distribution,
we diminish the normalized transverse emittance from 0.7
to 0.5 mm mrad. This result is quite interesting, as it is at
odds with some traditional notions concerning mitigation
of space-charge forces. The observation that the beam is a
nearly uniformly filled ellipsoid after the gun also permits
the development of powerful new tools for including space-
charge forces in beam-breakup simulations. These tools
will be described in a forthcoming work.

With such attractive beam properties, we have inves-
tigated the application of the compact C-band hybrid
photoinjector to a number of advanced scenarios. First,
we have examined as the injector of an intermediate energy
(220 MeV) ICS monochromatic gamma-ray source, which
takes advantage of the beam focusability and its short pulse
length. Indeed, we have studied a working point which
utilizes a beam spot size less than 10 ym at the interaction
point located at less than 6 m from the cathode. The
compactness of this system is attractive in applications
requiring a mobile source. We then proceed to investigate a
higher energy (400 MeV) soft x-ray FEL. Again with a
modest footprint, we demonstrated the possibility of lasing
at 4 nm, producing a compact water-window free-electron
laser in 10 m length. For completeness, we note that the
utility of the hybrid injector in application is validated by
studies of beam stability and alignment tolerances, issues
which are more challenging in this very high performance
system.

Looking to the future, we intend to scale this hybrid
structure design further, to higher rf frequency and higher
accelerating gradients. This will entail the use of cryogenic
cooling to avoid breakdown issues and mitigate power
requirements.
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