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Abstract

Cascaded longitudinal space-charge amplifier (LSCA)
have been proposed as a mechanism to generate density
modulation over a board spectral range. The scheme was
recently demonstrated in the optical regime and confirmed
the production of broadband optical radiation. In this paper
we investigate, via numerical simulations, the performances
of a cascaded LSCA beamline at the Fermilab Accelerator
Science & Technology (FAST) facility to produce broadband
ultraviolet radiation. Our studies are carried using a three-
dimensional space charge algorithm coupled with ELEGANT
and including a tree-based grid-less space-charge algorithm.

INTRODUCTION

It has been long recognized that collective effects such
as coherent synchrotron radiation, wakefield and longitudi-
nal space charge can lead to a microbunching instabilities
when combined with bunch compressors (BC) commonly
employed in electron linacs. Over the recent years, longitu-
dinal space charge (LSC) has gained considerable interest
as a simple mechanism to form attosecond structures on the
bunch current distribution for the subsequent generation of
intense broadband radiation pulses [1, 2].

The corresponding beamline configuration is relatively
simple: it consists of focusing sections (e.g. FODO cells)
which ensure the beam size is kept small and where energy
modulations due to the space charge impedance accumulate,
interspaced with BC sections. The BCs convert the incoming
energy modulation into a density modulation. Several of
these (FODO+BC) modules are cascaded so to result in a
large final density modulation.

Motivated by the recent experimental demonstration of
LSCA in the optical regime [2] along with the possible use of
high-peak current beams produced in laser-plasma wakefield
accelerators [3], we investigate the possible combination of
a cascaded LSCA scheme to produce broadband ultraviolet
radiation at the Fermilab Accelerator Science & Technology
(FAST) facility which couples a high- brightness photoin-
jector with a superconducting accelerator [4].
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SIMULATION METHODS & SETUP

The simulation method employed for our numerical stud-
ies has been described elsewhere [5,6]. In brief we simulate
the beam dynamics simulation, including space charge ef-
fect, is modeled with the Barnes-Hut algorithm [7] within
ELEGANT [8]. The space-charge kicks are applied at discrete
user-defined locations using the ELEGANT’S script com-
mand. In its current implementation, the calculations are
rather slow (due to files being written out and read in at
each space-charge kick location) but the algorithm is being
implemented within the ELEGANT main distribution and will
eventually be part of future ELEGANT releases.

RF gun CAV2 BC accelerating LSCA
CAV1 ; / cryomodule module
50 MeV 300 MeV i \
quadrupoles
Figure 1: Overview of FAST Facility and the Proposed

LSCA. The legend is as follows: "CAVx": accelerating
cavities, "BC": magnetic chicane bunch compressor, the red
and green rectangles are respectively quadrupole and dipole
magnets.

The simulation setup is based on the configuration avail-
able at the FAST facility (formerly known as ASTA) [4]; see
Fig. 1. In short, the beam is produced from a photocathode
located in a 1+% radiofrequency (RF) gun and accelerated to
~ 50 MeV by two superconducting TESLA cavities. Down-
stream of the cavities the beam can be manipulated (e.g.
longitudinally compressed) and diagnosed before its injec-
tion in a ILC-type accelerating cryomodule composed of
eight TESLA cavities. Downstream of the cryomodule, the
beam, with energy up to ~ 300 MeV, can be injected into
the IOTA ring or transported to experiments arranged along
a ~ 70 m transport line. Conversely the 70-m beamline,
with proper optics, could support the investigation of cas-
caded LSCAs to produce broadband ultraviolet radiation as
discussed in this paper; see also Fig. 1.

Numerical optimization of the electron-beam formation
and acceleration to ~ 50 MeV was carried out with as-
TRA [9] for various charges. The results combined with a
mild bunch compression in the 50-MeV bunch compres-
sor chicane, could produce bunches with peak current of
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~ 500 A and slice parameters gathered in Table 1 [10].
For simplicity we take all the LSCA modules to be identi-
cal: they consist of 4 FODO-cell sections each followed by
small-bending-angle chicanes. The introduced dispersion is
minimal and does not affect the periodicity of the FODO.

Table 1: Beam Parameters Considered for the LSCA Simu-
lations

Parameter Value Units
Lorentz factor, y 600 -
slice charge, O 20.0 pC
slice duration, 7 120 fs
peak current / 500 A
slice norm. emittance, &,y 5% 1078 m
slice momentum spread, o5 1074 —
number of macroparticles, N [1 — 10] x 100 -

The slice was taken to have a Gaussian distributions in
the transverse and longitudinal directions. The initial longi-
tudinal phase space was taken to be uncorrelated and the ini-
tial Courant-Snyder parameters were matched to the FODO
channel.

RESULTS
Optimization of First-stage LSCA

We start with the optimization of one module consisting
of several FODO sections and one BC. We varied two pa-
rameters at this point - the length of the FODO sections and
the bending angle in the chicane which affects its longitu-
dinal dispersion Rss. As he goal of this study is to reach
the shortest wavelength possible at FAST, we selected the
range of very small chicane Rs¢ where bunching factor with
significant values at high frequency could be attained; see
Fig. 2.

The estimated gain per one chicane in LSCA is propor-
tional to the LSC impedance Z(k,r) [3] following G =
Ck|Rse| 7+A %Zo(k’r)le*%czkm%‘ré, where Rsg is the BC
longitudinal dispersion, /4 = 17 kA is the Alfven current,
L is the drift length, o is the rms fractional energy spread,
C = (z0)/0 is the chirp, and Zy = 120 is the free-space
impedance. The exponential term in the equation induces a
high-frequency cut-off of the modulation Rs¢ = —c/(wos).

Throughout this paper the bunching factor is com-
puted from the N-macro-particle distribution as b(w) =
| Z%:l e"'wm| where t,, is the temporal coordinate of the
m™ macro-particle within the bunch (here w = 27 f where f
is the frequency of observation). We point out that our
simulations are performed with N = 10 x 10% (while
the slice actually contains N, = 120 X 10° electrons).
Therefore the noise floor [11] of the bunching factor is
~ 1/4/N, =~ 9 x 107> while our simulations are limited
to noise floor of ~ 1/V/N =~ 3 x 107*. Nevertheless we have
verified that the gain factor does not depends on the number
of macro-particles used in the simulations [12].
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Bunching factor b(w)

Figure 2: Bunching factor as a function of the longitudinal
dispersion Rse and observation frequency w. The yellow
line Rs¢ ® —c/(wo ) indicates the limit where the micro-
bunching is suppressed due to momentum spread.

The resulting density modulation spectrum is wide and
it narrows with the increase of chicane’s bending angle.
Although the optimal wavelength in this study is around
Aopr = 650 nm, the broadband feature of the amplification
mechanism actually results in bunching factor enhancement
at wavelengths reach the ultraviolet region of the spectrum
as illustrated in Fig. 3. The latter figure reports the gain
computed as the ratio between the final and initial bunching
factors |by(w)/b; (w)]. To smooth out the short-to-shot na-
ture of the gain, the presented gain is average over 20 random
realizations of the initial macro-particle distribution.
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Figure 3: Gain curve as a function of frequency in the

interval where significant gain is obtained. The curve is
computed for a single (the first) LSCA module.

Simulation of a 3-stage LCSA

To simulate a 3-stage LCSA module, we iterated the pro-
cess described in the previous section for each stage so to
ensure the Rsg is properly optimized. The simulations were
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carried out in a piecewise fashion: the FODO channel of
stage n was simulated with space charge, the output were
passed to the subsequent BC. The Rs¢ was optimized to pro-
vided the largest bunching factor. The optimized values for
the Rs¢ for first, second and third stage were respectively
-3.64x 107, -2.79 x 107%, and —=1.42 x 10~* m.

The resulting distribution was rematched and passed to
the n + 1 FODO channel where the process was repeated.
As aforementioned the chicane have small Rs¢ and single-
particle dynamics do not affect the matching. However, in
the presence of space charge and for a 300-MeV beam, we
find that the matching is significantly deteriorated there-
fore requiring rematching of the beam parameters after each
module.

The final phase space and resulting density modulation are
presented on Fig. 4. One limitation found in the present study
is the cumulated energy spread which leads to transverse
emittance growth via chromatic aberration. This emittance
dilution eventually leads suppression of the modulation (via
an angular smearing effect). Note that at each stage the beam
will acquire additional momentum spread which leads to
additional emittance Overall this effect result in saturation
of the gain in the final stages. For our three stage LSCA
we obtained a gain (a the optimum wavelength) G = 500
for the given beam parameters. The final bunching factor
downstream of the third stage appears in Fig. 5 (blue line).

Compressed Case

In addition introducing a longitudinal-phase-space chirp
can significantly shift the wavelength region with significant
gain to lower wavelength. Thus operating the cryomodule
off-crest can compress the modulation wavelength to the
ultraviolet regime at FAST: in our studies introducing a chirp
C= fl—§|0 = 1667 m~! results in a significant bunching factor
(approximately 1%) at 4 ~ 140 nm; see Fig. 5 (green trace).
Here we note that for simplicity the chirp was "numerically
applied" just before the last bunch compressor (thus its large
value). In practice the chirp would be applied before the first
LSCA module and therefore would be much smaller.

RADIATION PRODUCTION

Several radiation-production mechanisms can be consid-
ered. For simplicity we consider the case of a planar un-
dulator. Given the beam energy of 300 MeV, and taking a
undulator parameter of K = 0.1 yields a resonant wavelength
A =1.4x10°4,, for an undulator period 4, (correspond-
ing tow = 1.35 X 10'3/1,). A 10-cm undulator period will
results in a frequency w =~ 1.2 x 10'¢ s™! where the bunch-
ing factor scaled for 120M macroparticle is 5 ~ 1072; see
Fig. 5 (red trace). Simulations performed with GeENEs1s [13]
(in steady state mode) indicate that a radiation energy of
& =~ 3 tJ could be reached.

SUMMARY

Using a grid-less code adapted from Astrophysics we have
investigated the effect of three-dimensional LSC impedance
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Figure 4: Longitudinal phase space (top density plot) and

resulting density modulation (bottom plot) downstream of
the third LSCA stage for N = 10 x 10® macro-particles.
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Figure 5: Simulated bunching factor downstream of the
third LSCA stage for the case of an uncompressed (blue)
and compressed (green) incoming beam.

and found that the possible use of a cascaded LSCA scheme
at FAST can produce femtosecond microstructures in the
longitudinal phase space with a period ranging from 140 to
700 nm. Our study involves beam parameters comparable
to the ones achievable at FAST.
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