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Abstract

In this paper, we present a feasibility study of integrating the optical replica (OR)
ultrashort electron bunch diagnostics with the current-enhanced SASE (ESASE)
scheme in the LCLS. Both techniques use an external laser to energy-modulate
the electron beam in a short wiggler and then convert the energy modulation
to a density modulation in a dispersive section. While ESASE proposes to use
the high-current spikes to enhance the FEL signal, the OR technique extracts
the coherent optical radiation produced by a density modulated electron beam
for frequency resolved optical gating (FROG) diagnostics. We discuss the opti-
mization studies of combining the OR method with the ESASE after the second
bunch compressor in the LCLS. Simulation results show that the OR method
is capable of reproducing the expected double-horn current profile of a 200-fs
bunch. The possibilities and limitations of reconstructing the longitudinal phase
space profile are also explored.
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Abstract electron bunch current. This optical replica of the electron
: - . . nch can be analyzed with the frequency resolved optical
In this paper, we present a feasibility study of integratin punch ca Y q y b

; . h i igh- lution bunch t
the optical replica (OR) ultrashort electron bunch dlagnoglatlng (FROG) to reveal the high-resolution bunch curren

tics with the current-enhanced SASE (ESASE) scheme ﬁ)ﬂrOf."e as well as s||-ce beam parameters.
the LCLS. Both techniques use an external laser to energy-Since both techniques share some common components
modulate the electron beam in a short wiggler and thel@ Manipulate the electron bunch and offer unique improve-
convert the energy modulation to a density modulation in B'€Nts to the operation of an x-ray FEL, we investigate here
dispersive section. While ESASE proposes to use the higHi€ application of the OR bunch diagnostics in the LCLS in
current spikes to enhance the FEL signal, the OR technigG@mbination with the ESASE scheme. Simulation studies
extracts the coherent optical radiation produced by a deflow that OR technique is effective in diagnosing the elec-
sity modulated electron beam for frequency resolved optflon bunch density and energy profiles at fs time resolution.
cal gating (FROG) diagnostics. We discuss the optimiza{'-'ence it should be'g useful tool for the reliable operation
tion studies of combining the OR method with the ESASEf an x-ray FEL facility.
after the second bunch compressor in the LCLS. Simula-
tion results show that the OR method is capable of repro-
ducing the expected double-horn current profile of a 200-fs OPTICAL REPLICA SETUP
bunch. The possibilities and limitations of reconstructing
the longitudinal phase space profile are also explored. A schematic of the OR setup in the LCLS is shown in
Fig.1. The main elements include an infrared laser, an
INTRODUCTION energy modulator (wiggler-1), a radiator (wiggler-2), and
a dispersive section (chicane) between the wigglers. The
Current-enhanced SASE (ESASE) is a recent propos@cation of the energy modulator is right after the second
by Zholents [1] to manipulate the electron beam with aunch compressor (BC2), where the electron beam energy
optical laser to enhance the SASE FEL performance. lig 4.3 GeV. The layout is very similar to a seeded optical
this technique, the electron peak current is significantlklystron FEL. Compared with the ESASE setup, the dis-
enhanced by inducing an energy modulation in an ugpersion section and wiggler-2 are two more new elements,
stream wiggler magnet via resonant interaction with aand a relatively longer laser pulse is required to modulate
optical laser, followed by microbunching of the energythe entire electron bunch. The electron pulse will be timed
modulated electrons before entering the SASE undulatas overlap with the central portion of the laser pulse, while
The uniformly-spaced, high-current spikes within the elecin ESASE, a shorter laser pulse with high peak power is
tron bunch amplify the SASE radiation much faster than thedopted to modulate only part of the electron bunch in or-
rest of the bunch, allowing for a shorter saturation lengtider to produce very short x-ray pulse. Considering the
natural synchronization with the optical laser, and controlESASE design parameters in LCLS [2], we use the same
lable x-ray time structure. A detailed study of its applicawiggler-1 parameters and same laser wavelength of 800nm
tion in the LCLS can be found in Ref. [2]. but at a lower peak power of no more than 1.0 GW. The
Based on the optically modulated electron beam, Saldiaser beam is focused at the center of the 8-period modu-
et al. propose an optical replica (OR) synthesizer for ultrdator. The radiator has 4 periods, and the radiation power
fast electron bunch diagnostics [3]. Similar to ESASE, thé&om the radiator can be adjusted by changing the momen-
OR technique induces an energy modulation on the elettim compaction factoR;s¢ of the chicane. To separate the
tron beam by a seed optical laser in the first wiggler (energseed laser pulse from the optical radiation generated by the
modulator). A dispersion section following the modulatoradiator, the two planar wigglers can be put in crossed po-
converts the electron energy modulation to an adjustabsitions with different polarizations.
amount of the density modulation. After passing a second \ne summarize the main OR parameters in Table 1 for

wiggler (radiator), the density-modulated electron buncpc( s normal desigh case. We can see that for ESASE, we
emits coherent optical radiation that is proportional to th%my have to increase the seed laser power to 10 GW and

*This work was supported by Department of Energy Contracts Nos.’WItCh off the chicane and W|ggler—2. ESASE will need

DE-AC02-76SF00515. a_nother ch_icane buncher prior to the SASE undulator as
 Email: ding@slac.stanford.edu. discussed in [2].
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Figure 1: (color) Schemetic of the OR setup at LCLS
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Table 1: Main parameters for OR t(ps)
Parameter Symbol Value Figure 2: (color) The radiation field amplitude from the
electron energy L 4.3 GeV radiator and the electron current profile for the LCLS 1 nC
electron current 1 3.4 kA case, bunch head at left.
laser wavelength AL 800 nm
laser power Py 0.1~1.0GW , i )
wiggler-1,-2 period Ay 25 cm replica of the electron current profile. According to the

standard FROG apparatus, e.g., Grenouille, the sensitivity

wiggler-1,-2 parameter K 315 ; X >
wiggler-1 length Lot 20m is 1/¢J for the _smgle shot mode[4]. For the LCLS nominal
wiggler-2 length Lo 1.0m design case with 1 nC charge, we choos_e the I.aser power of
chicane compaction factor Rsg 10um~0.4mm 1 GW, andRss = 10um. GENESIS[S] simulations show
that the radiated power from wiggler-2 is about 20 MW,
which will satisfy the FROG requirement for the rms elec-
tron bunch length of 73 fs. For the low charge design case
DIAGNOSING BUNCH CURRENT of 200 pC with rms bunch length of 23 fs, we use a laser
PROFILE power of 1 GW andRss = 30um. The radiated power

is then increased to 45 MW. With these parameters, it is a
Suppose a fundamental Gaussian mode laser copropgod approximation to assumgt) oc I(t).
gates with a round electron beam in a modulator of length Figure 2 shows an example of the simulated profiles of
L.,1, which is short compared to both the Rayleigh lengthhe radiation field amplitude and the input current of the
of the laser and the beta functions of the electrons. Negletectron bunch. The resolution is limited by the length of
ing small changes in laser and electron beam sizes durifige radiator. With 4 periods of the radiator, the slippage
the resonant interaction, we may write the amplitude of thiength is 3.2um, which determines a potential OR resolu-

electron energy modulatiaf,, after the interaction as tion of about 10 fs.
_ |PL KLy K? K?
O = By o, [J0(4 " 2K2) — Jl(m)] (@D DIAGNOSING THE SLICE ENERGY

SPREAD AND ENERGY PROFILE
whereP, is the laser powetl, is the electron beam power,

K is the wiggler parametet,is the electron energy in units . The equne_ntlal suppression factor n Eq. (2) can not be
of its rest massy,. is the rms laser spot size in the modula—'gnoreoI while increasingfs due to the slice energy spread
tor, and.Jo ; are éessel functions. os(t). According to Eg. (2), the maximum bunching oc-

After the dispersion section the electron beam is densi%/urS atkRse05 ~ 1 whendy, /o < 1. By scanningfise

modulated , and will generate coherent radiation in the r nd recording the time-resolved raﬁ't'a“on intensity in mul-
diator. If the radiator length is short (no FEL exponentia |plg shot;, we can f|nq the qptl e (t? for the maximal
e N ' .. radiation intensity a given time The slice energy spread
amplification yet), the coherent emission field amplitude .
. . can be estimated as [3]
A(t) can be written as:

1

~
~

A(t) oc I()b(t) = I(t)J1(kR565m)67k2R§60§/2 (2) 73t kRS (t) ©

where I(t) is the electron currenth(t) is the electron Based on the standard LCLS desigp,~ 3 x 10~ for the
bunching factork = 2x/\ is the resonant wave num- central part the electron bunch at 4.3 GeV. This requires
ber, R56 is the momentum compaction factor of the chicand?;g ~ 0.4 mm to get the maximum bunching &t = 800
structure, and; is the electron rms energy spread. nm. The relatively largeRs¢ used for the slice energy

In Eq. (2), ifk?R2,03/2 < 1, the exponential suppres- spread measurement also reduces the requirement on the
sion effect is negligible. In this case, we hat&) « I(t), laser power to 0.1 GW. Figure 3 shows a simulated mea-
where the shape of the radiation amplitude is an opticaurement result of the slice energy spread with this method.
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Figure 3: (color) The slice energy spread obtained from
Eq.(3) by scannindiss, bunch head at left. Figure 4: (color) The simulated measurement of the elec-
tron beam longitudinal phase space (using Eq.(6), red dots)

o . ) ~and the ELEGANT simulation result (blue dots).
Itis in good agreement with the ELEGANT[6] simulation

result in the middle section of the beam3ak 10~*. The .
head and tail sections are over-compressed with relatiV@tio. Figure 4 gives an example of the electron longitu-
large energy spread as expected. dinal phase space deduced from the radiation field phase
The FROG technique decodes both the amplitude angformation. In this example, we adjust th_e accelerating
phase of the radiation field simultaneously. The electrighase of linac-2 from-41° to —26° to get a single-valued

field from the radiator can be written as functiond(t) after BC2. This longitudinal phase space re-
trieval method can be used to analyze the energy chirp and
E(t) = A(t) expli(w.t — &(t))], (4) the linac wakefield.

where¢(t) is the time-dependent phase of the pulse. In DISCUSSIONS
the modulator, the electron beam is modulated at the wave-
length of the seed lasey;. If there is no energy chirp af- A seed laser wavelength of about:fh is also discussed
ter the modulator, this modulated electron beam will emih the ESASE scheme[2]. In this setup, the radiator for
radiation in the radiator at the laser wavelengih How- the OR diagnostics may operate at the second harmonic
ever, an energy chirp in the electron beam together with thveavelength of about m. To produce sufficient radiation
momentum compaction factd®ss in the dispersion sec- for FROG measurements, a largeys (about 10Qm) may
tion can shift the modulation wavelength after the chicandre necessary and may lead to some distortions of the OR
In this case, the radiation frequeney can be written as signal at the head and tail parts of the electron bunch where
wr = wr/(1 + hRse), With wy, being the seed laser fre- the slice energy spread is large. Nevertheless, the bunch
quency, andh = dd/dt being the electron energy chirp. length and slice energy spread in the bunch core can still
The difference on the frequency between the radiation aru retrieved with this method.
the seed lasehw = w, —wy, is just the derivative of phase  Finally, we note that the slice emittance diagnostics de-
—d¢/dt. When| hRss |< 1, we may write scribed in [3] is not practical in our case. An extremely
large beta function (about 1000 m) is required to make the
d¢ dé .
= = Rygwp—. (5) electron transverse beam size large enough to affect the ra-
dt cdt diation intensity emitted by the bunch.
In Eq. (5), If () is a single-valued function, we may fur-
ther get longitudinal phase spadg) from radiation phase REFERENCES
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