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Abstract

The VISA (Visible to Infrared SASE Amplifier) experi-
ment at BNL (Brookhaven National Laboratory) has previ-
ously demonstrated saturation at 840 nm in 2001. Further
SASE studies, in 2003, have demonstrated an anomalously
large bandwidth spread of the FEL spectrum due to off-
angle emissions. This paper disseminates the current and
future program of the VISA experimentsat BNL. Thisin-
cludesastudy of aseeded FEL, using a1l micron YAG laser
as a seed, and the accompanying diagnostics to character-
ize the radiation. Diagnostics include the double differen-
tial spectrometer, a mode converter to investigate the or-
bital angular momentum of light in the FEL, and an optical
pepper-pot for coherence measurements. Start-to-end sim-
ulations, which are reliabily used for experimental model-
ing, are presented.

INTRODUCTION

The advent of the X-ray free electron laser (FEL) is on
the horizon[1, 2]. The creation and diagnosis of ultra-short
pulsesis of great importance to the FEL community. The
generation of femtosecond long, Angstrom wavelength ra-
diation will open doorsto amyriad of scientific endeavors
at ultra-short time scales [3].

The VISA program was devel oped to investigate proper-
ties of a high gain self amplified spontaneoous emission
(SASE) free electron laser. A proposa to obtain ultra
short pulses [4], by manipulating frequency chirped FEL
output, is the inspiration for the VISA |1 experiment. The
frequency chirped radiation produced from an undulator is
monochromatized and is used to seed a second undulator.
The ultimate goa of the VISA |l project is to operate the
high gain SASE FEL with alarge el ectron beam chirp.

The current mode of operations expands on this goal
by utilizing the optimized capabilities of the facilities em-
ployed. Under these conditions, the VISA FEL operatesin
the seeded mode, using a 1 micron YAG laser as the seed.
The experimental mission of the seeded FEL is to inves-
tigate high gain radiation properties with studies focusing
on the far-field angular distribution and coherence of the
radiation.
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THE VISA EXPERIMENTAL PROGRAM

VISA|

The VISA project is hosted by the Accelerator Test Fa
cility (ATF) of Brookhaven National Laboratory (BNL).
The experimental layout is described in detail in Ref. [5]
(Fig. 1 shows a schematic). The VISA | project succes
fully demonstrated saturation of a SASE FEL within a 4
meter undulator at 840 nm. The high peak current, aresult
of nonlinear electron bunch compressoin along the disper-
sive line of the transport, was ultimately responsible for the
observed high gain lasing. A start-to-end simulation suite
of codes, PARMELA [6], ELEGANT [7], and GENESIS
1.3 [8], modeled the beam dynamics in the gun, transport
and undulator, respectively. SASE FEL properties, such as
pulse energy, profile, and angular distribution were com-
puted with GENESIS. The compl ete characterization of the
SASE FEL properties included gain lengths, spectra, en-
ergies, angular distributions and observation of nonlinear
harmonics, and was successfully benchmarked against the
simulation suite [9].
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Figure 1: Layout of the ATF beam transport (not to scale).
The VISA undulator is located along Beamline 3 after the
20 degree dogleg.

VISA B

Subsequent measurements at VISA, informally referred
to as VISA IB, also took place at the ATF in 2003. An
anomolously large bandwidth, up to 15% full width, was
observed at high gain (Fig. 2), accompanied by atypical
far-field angular radiation patterns.

The eectron beam (330 pC, 1.7% energy spread) was
subjected to the same nonlinear bunch compression mech-
anism as in VISA |, except with a much higher degree of
compression and thus a higher peak current. The SASE
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Figure 2: Sample shot of observed SASE FEL spectrum
displays an anomalously large bandwidth.

FEL output (2 1.J average energy), was extremely stable
and insensitive to RF and laser timing jitter. The spec-
trum is notable for a characteristic double peak structure,
accompanied by amean bandwidth value of 12% full width
(greater than 100 nm), as seen in Fig. 2.

GENESIS simulations reproduced the features of the ra-
diation (large bandwidth and double spiked structure). Af-
ter transport, the electron beam displayed a highly nonlin-
ear longitudinal phase space. The secondary spike was due
to amplification of an off-axis mode. The mode was ex-
cited by the non-ideal centroid and envel ope motion of the
beam through the undulator’s quadrupole focusing lattice.
The lasing core of the beam was mismatched to the un-
dulator focusing lattice yielding significant excursions in
beam size in both transverse planes. Additional transverse
motion causes a red-shift in the radiated wavelength and
amplification of the off-axis modes [10].
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Figure 3: SASE FEL power spectrum obtained from GEN-
ESIS. The large bandwidth and the double hump feature
observed in measurements were reproduced with simula-
tions.

Double Differential Spectrometer The double differ-
ential spectrometer is diagnostic developed to unfold the
relationships between frequency and angle of the FEL ra-
diation. A slice of the FEL ouput is passed through gradu-
ated dlits, then focused onto aset gratings (1200in—1). The
resulting image displays the photon beam with frequency
aong one axis, and transverse angle aong the other axis,
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and is adirect study of theintensity of the beam presented
in the familiar form, dfoey.

Raw datafrom apreliminary prototype of this diagnostic
ispresented in Fig. 4. The overal parabolic structure of the
beam, from red shifting, in (0, w) space is evident, with
even richer multi-mode patterns also present. Upgraded
GENESIS post-processing tools were used to further un-
derstand this data and indeed displayed the parabolic struc-
tures along with the presence of higher order modes.

H

Figure 4: The parabolic structure (Ieft) is evident in theim-
ages from the double differential spectrometer, where the
angle is represented along the horizontal axis and the fre-
quency along the vertical. Richer structures have also been
observed (right).

Far-field Angular Distribution This far-field angu-
lar distribution measurement was made by propagating the
output radiation, without optical focusing, to a screen lo-
cated 3 m (10 Zg) downstream. Observed patterns were
hollow in nature, like previous VISA results, except more
pronounced in angle (with spiral shaped patterns accompa:
nying the hollow modes). The helicity of this patterns will
be studied via a mode converter.

(a) (b) ©

Figure 5: Far-field angular distribution profiles display an
atypical spirality and helicity (a,b); superimposed with a
reference alignment laser (c).

Chirped Beam FEL

Thegoal of the VISA 1l experimentisto inject alinearly
chirped electron beam into the undulator to produce fre-
quency chirped SASE FEL radiation. The bunch compres-
sion mechanism facilitates high-gain lasing, however, it re-
stricts the management of beam properties through trans-
port. Preservation of the electron beam chirp applied at the
linac will be accomplished by the manipulation of nonlin-
ear longitudinal compression by the addition of sextupole
magnets placed at high horizontal dispersion points. The
sextupoles will mitigate second order effects, particularly
by diminishing the T4 €lement, of the transport matrix,
to anegligible value [11]. Three sextupoles have been in-
stalled and commissioned at the ATF.
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Frequency Resolved Optical Gating A frequency re-
solved optical gating (FROG) [12] system will be used to
measure the frequency chirped, short pulse radiation. This
method was successfully used elsewhere, to measure both
the amplitude and phase of the radiation [13].

The frequency resolution of the FROG spectrogramis a
concern at the VISA experiment. The diagnostic system is
constrained by the doubling crystal and can not adequately
resolve the radiation expected from the VISA Il FEL. The
thick lens must be replaced by a thin lens to increase the
resol ution; a dedicated spectrometer must be added to com-
pensate for the loss of functionality of the thin lens. The
CCD camera (several megapixel) must be able to cover a
large range of wavelengths to resolve the observed band-
width.

GENESIS outputs for the chirped beam case show a
clear effect for idealized beam shapes and have been ana
lyzed for varying degrees of chirp. Indeed, theinversion al-
gorithmis robust enough to handle other exotic shapes and
patterns which have been simulated and reconstructed via
the commercial FROG software (Femtosoft) for the VISA
Il experiment. Fig. 6 shows an example of a spectrogram
obtained from GENESIS for the running conditions of the
VISA |l FEL. This structure shows the complex nature of
the FEL pulse, which is expected to contain several spikes.
Thislongitudinal pulse profile was retrieved when the spec-
trogram was analyzed with the FROG reconstruction algo-
rithm.

Figure 6: Spectrogram (with frequency aong the vertical
axis and time delay along the horizontal) of the expected
radiation from the VISA 11 experiment. Further processing
of this spectrogram has yielded the longitudinal profile of
the pulse used in simulations.

Mode Converter The investigation of hollow mode
and spira shaped far-field angular radiation patterns at
VISA is conducted with the introduction of a diagnos-
tic mode converter. The mode converter is designed to
transform light with planar polarization to circular polar-
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ization, and vice versa[14]. The 7/2 mode converter is
constructed of two cylindrical lenses, separated by a dis-
tance of d = /2, and the resultant light will have distinct
observable properties. This data will yield insight into the
underpinnings of the unusual angular distribution patterns
observed throughout the tenure of the VISA program. The
cylindrical lenses for the mode converter have been setup
and will be placed in the diagnostic station downstream of
the undulator.

Polarizer The VISA project will aso examine the
study of coherent transition undulator radiation [15], the
radiation emitted by the electron bunch asit passes through
the entrance and exit of the undulator, due to the change in
longitudinal velocity. Theoretically, the radiation is radi-
aly polarized, describing yet another possible explanation
for the helicity of the observed far-field patterns from the
planar undulator at VISA. The quantization of this effect
requires minimal ateration of already existing diagnostics
with the addition of grid polarizers to determine the polar-
ization of the radiation. The effects of coherent transition
radiation, from the electron beam striking a metal mirror,
will have to be addressed (by the placement of a kicker
magnet) before useful datais recovered from this measure-
ment.

SEEDED FEL MEASUREMENTS

Theresults of thefar-field angular distribution patternsat
the VISA experiment have motivated further studies of the
FEL in the seeded regime. The seeding pulse (a1 micron
YAG laser) will establish transverseand longitudinal coher-
ence of the FEL (low bandwidth, high brightness). Such a
rediation source will provide a short Rayleigh length FEL
beam.

Further motivation for seeded FEL studies arises from
controlling and managing the high power FEL in the far-
field. Increasing the emission angles will decrease the in-
tensity in the far-field (hollow modes) which will be tech-
nically useful in delivering high power radiation with min-
imal damage to sensitive optical elements.

The proposed experiment involves the VISA undula-
tor with the ATF YAG laser as a seed. The YAG laser
(1064 nm) serves as the drive laser for the photoelectron
beam at the ATF and some its energy is transported to the
experimental hall for deposition into the VISA undulator.
A longitudinal delay line is currently being used to ensure
adequate timing overlap with the electron beam and seed
laser. The electron beam energy for the seeded FEL op-
erations is lowered to 61 MeV to account for the higher
wavelength operations

The experiments that will be carried out revolve around
the detuning parameter of the FEL. Start-to-end simula-
tions have been conducted for ideal and virtual particle sets.
The results of the far-field angular distribution patters are
presented in Fig. 7. It is apparent that detuning the elec-
tron beam indeed changes the angles and produces hollow

445



TUPPHO052
modesin the far-field. The power gain curves derived from
GENESIS simulations (Fig. 8) have also been studied.

1054 nm 1064 nm

1074 nm

15 mrad

Figure 7: GENESIS simulation of the far-field angular dis-
tribution patterns of the seeded FEL for different values of
detuning (1064 nm is the nominal wavelength).
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Figure 8: Power gain curves (GENESIS simulations) for
varying detuning parameters.

Transverse Coherence

Transverse, or spatial coherenceis animportant figure of
merit of any FEL. The transverse coherence for the seeded
FEL will be verified with an arrangement of dlits, by per-
forming variations on the classical Young double-dlit ex-
periment. The FEL radiation diffracts at the dlits, and the
transverse coherenceis cal cul ated by measuring theratio of
the sum and difference of the maximum and minimum ob-
served intensities [16]. Since the transverse coherenceis a
function of longitudinal position, it is measured at different
positions downstream of the undulator exit. Several vari-
ations of dlits have been fabricated for the transverse co-
herence study, including double-dlits of various widths and
spacings, crossed-glits, circular aperturesof differing diam-
eter, and a pepper-pot pattern of circular apertures. The use
of these slits will be expanded after the seeded FEL exper-
iment to also encompass SASE coherence measurements.
The pepper-pot pattern is of particular interest because the
emitted radiation from the uncorrected chirped-beam FEL
experiments yielded intensity distributions with radial (he-
lical) characteristics that provoke further investigation.
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