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Abstract

Nano-structured cathodes can form transversely modu-
lated beams which can be subsequently converted to tempo-
rally modulated beam via a transverse-to-longitudinal phase
space-exchanging beamline. We demonstrate via numerical
simulation the generation of transversely modulated beam
at the nm scale and investigate the corresponding enhance-
ment in a soft-X-ray SASE free-electron laser. Our study
is supported by start-to-end simulation combining WARP,
IMPACT-T and GENESIS (FEL process) and focuses on the
optimization of the beamline to preserve initial modulation
at the nanometer level. We also discuss the scaling of the
concept to shorter-wavelengths.

INTRODUCTION

Temporally modulated beam has become one of important
keys to modern soft-X-ray SASE free-electron lasers. We
have developed an alternative method of the required tem-
porally modulated beam using a transverse-to-longitudinal
phase space-exchanging beamline. Thus, this method em-
ploys transversely modulated beams which can be produced
by plasmonic photocathodes.

Plasmonic photocathodes have recently demonstrated en-
hanced quantum efficiency, owing to both higher laser field
absorption and field enhancement at sharp edges of each
nano-structure. The cathode employs a surface engineered
at the nanometer scale with periodicity matching with the
excitation laser wavelength. For instance, the periodic struc-
ture can be a two-dimensional pattern or array of tips or
holes [1,2], or a series of tranches organized as a grating.

Since each nano-structure generates a beamlet, the
nanoscale pattern dictates the beam initial distribution and
could form density-modulated beams. Such transversely-
modulated beams has been numerically investigated. We
showed that information related to the initial patterned dis-
tribution (on the cathode surface) for the subsequent imag-
ing after acceleration to relativistic energies could be pre-
served [3]. The simulations of the beam dynamics, is per-
formed piecewise by combining the warp [4] simulation
framework with the timpacT-T [5] beam dynamics program.
Warp is employed to investigate the beam dynamic in the
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vicinity of the cathode while miMpacT-T tracked the emit-
ted electrons through an RF-gun and a linear acceleration
(Linac) for acceleration to relativistic energies.

The beam distributions simulated with impacT-T down-
stream from the acceleration are used as an input into ELE-
GANT. A set of quadupole magnets can be implemented for
the transverse-matching conditions derived in Ref. [6]. We
successfully simplified the task by using a single quadrupole
magnet and tuning its strength to provide an image of
transversely-modulated beams in the (x, x’) phase space
shown in [3].

The transversely-modulated beams could be directly ap-
plied to a variety of applications or further manipulated, e.g.,
using transverse-to-longitudinal phase-space exchangers to
yield temporally-modulated electron bunches [7, 8].

In this paper, we show that we can adapt the matching
conditions to provide an image of temporally-modulated
beam when combining a single quadrupole magnet emit-
tance exchanger (EEX) after the acceleration to relativistic
energies (as illustrated in Fig. 1).

_ Q Dipoles
Linac

Emittance Exchange (EEX)

Schematic of EEX line combined with a
quadrupole magnet (Q) tuned for the matching conditions,
which locates at downstream end of Linac.

Figure 1:

TRANSVERSELY-MODULATED BEAMS
IN ACCELERATION TO RELATIVISTIC
ENERGIES

The simulations uses an idealized distribution with pa-
rameters consistent with the distribution simulation with
WARP shown in [6]. We study transversely-modulated beams
described as 3 x 3 array with nano-structure periodicity of
1.6 microns.
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% The cathode is located on the back plate of a standard 1+ %—
g cell RF gun of BNL/SLAC/UCLA type operating at the S-
< . .
Z band frequency and a following 3-cell S-band traveling-wave
%accelerating section thereby boosting the beam energy to
+247.2 MeV. See RF-gun and photocathode-laser parameters in
£ [3]. The traveling wave structure employs the supperposition
£ of two standing wave strutures [9].
The dynamics was simulated in tMPACT-T employing a
= point-to-point N-body space charge solver. After the accel-
%erations, beamlets in the transversely-modulated beam are
E no more transversely separated due to the large correlated
El divergence they acquired. However the information is pre-
5 served in the phase space where the beamlets keep apart;
o see Fig. 2 and [3] for only acceleration by an RF gun.
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Figure 2: Transverse phase space associated to the 3 x 3-hole
A array emitter downstream of the Linac at z = 3.693 m from
= the cathode surface.

Any distribution of this work must maintain attribution t
By
-

o]

)

01

MATCHING CONDITIONS FOR
TRANSVERSE-TO-LONGITUDINAL
PHASE-SPACE-EXCHANGING

At downstream end of the accelerations, the Courant-
& Snyder parameters [for the horizontal plane (ay. 1, Bx,1)] asso-
3 ciated to a single beamlet (formed by a nano-structure) along
£ with the parameters computed of the entire beam (., Sx) are
g considered for matching conditions represented by a trans-
5 formation matrix R. Given transformation matrix elements
F§ R;;, the transverse-matching condition Ri2/Ri1 = Bx,1/ax 1
E retrieves modulation along x-axis (beamlet separation; see
zFig. 4 in [3]), while Ry /Ry1 = By 1/ax1 gives modula-
E tion along x’-axis (separation of beamlet momenta in x-
§ direction); see derivation in [10].
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Similarly, Rs»/Rs; = Bx.1/ax,1 can provide temporal
= modulation. However, EEX alone does not have flexibil-
S ity to achieve this matching condition. A single quadrupole
E magnet may be inserted in front of an EEX to make Rs; and
% Rs; adjustable.
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Figure 3: Plot of Rsy/Rs; as a function of a single
quadrupole magnet parameter K; with Lo = 10 cm and
Ly of 50 cm for a focusing quadrupole magnet and a fol-
lowing drift. A sample ideal EEX with Rs; =-0.176, Rs, =
-0.043, R¢; =-5.27 and Rg, = -6.97 is applied.

0.8

The plot in Fig. 3 shows that K in range of (12.8,272.5)
m~2 gives the negative Rs5>/Rs; (as now beam is defocusing
after acceleration) as well as minimum defocusing force in
vertical direction y. This range of K is used in ELEGANT to
optimize parameters of focusing quadrupole magnets in a
beam line. Moreover, one can also simply prove that longer
drift length L, decreases the K range.

IMAGING AT EEX

The matching conditions were studied by using ELEGANT.
ELEGANT can solve matching conditions and track particle tra-
jectories including acceleration to 1.5 GeV, while importing
beam distribution to start with.

The beam distribution simulated with tMmPACT-T at 7 =
3.693 m downstream from the cathode surface shown in
Fig. 2 has Sy1/ax,1 of -7.1538 m with corresponding K
of 14307 m™2. However, we manually choose K; of
14.338 m~2 instead to obtain the temporal modulation.

The plots in Fig 4 shows a temporal modulation in the
longitudinal phase space. Thus we estimated a bunching
factor from the modulation for study of FELs power.

SIMULATION OF FEL POWER

In this study, We use the calculated bunching factor and
undulator parameters shown in Table 1 for simulations in
GENESIS program.

Fig. 5 shows a promising plot of FELs radiation power
as a function of longitudinal distance that beam traveling in
the undulator. Our first start-to-end simulation combining
WARP, IMPACT-T and GENESIS has shown possibilities of
employing beam from nano-structured (plasmonic) cathode
in producing a soft x-ray free electron laser.
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