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A new operating mode has been developed for the Linac Coherent Light Source (LCLS) in which
we shape the longitudinal phase space of the electron beam. This mode of operation is realized using
a horizontal collimator located in the middle of the first bunch compressor to truncate the head and
tail of the beam. With this method, the electron beam longitudinal phase space and current profile
are re-shaped, and improvement in lasing performance can be realized. We present experimental
studies at the LCLS of the beam shaping effects on the free-electron laser performance.

PACS numbers: 41.60.Cr, 29.27.Bd

I. INTRODUCTION

Over the past several years, great progress has been
made in the realization of high power x-ray free-electron
lasers (FELs). This revolutionary light source, with 8-
10 orders increase in peak brightness and 2-3 orders de-
crease in pulse length compared to the pulses from stor-
age ring-based third generation light source, provides an
unique tool for ultrafast x-ray studies with atomic spa-
tial resolution [1, 2]. Nevertheless, there is a continual
desire for x-ray pulses with further improved brightness
and peak power, driven by x-ray users with applications
such as single-molecule imaging [3] and nonlinear x-ray
sciences [4]. In a linac-driven FEL, the FEL lasing perfor-
mance mainly depends on the electron beam brightness,
where a combination of low transverse emittance, high
peak current and small energy spread are desired.

The final electron beam time-sliced emittance is mostly
determined in the photoinjector located at the begin-
ning stage of the linac. The energy spread at the Linac
Coherent Light Source (LCLS) is controlled by a laser
heater [5, 6], which is designed to suppress the mi-
crobunching instability and yet achieve a small final slice
energy spread. This laser heater “knob” can be easily ad-
justed during operation for maximizing the FEL photon
output. The beam peak current, enhanced by longitudi-
nal compression, is one complicated parameter for opti-
mization since collective effects are involved during the
bunch compression, and the non-uniform current profile
after compression also causes additional beam brightness
degradation in the downstream beamline.

In the linac section, the bunch is compressed in a
series of magnetic chicanes in order to achieve a high
peak current. To do this, the electron beam is acceler-
ated at an off-crest radio-frequency (rf) phase so that
the bunch tail has higher energy than the head. While
passing through a four-dipole chicane, the tail travels a
shorter path than the head, thus catching up to the head
and compressing the bunch in time. The nonlinearities
induced by the acceleration and compression processes
(e.g., by the longitudinal wakefields, rf curvature, and
second order momentum compaction) need to be mini-
mized to avoid high peak current spikes in the tempo-

ral distributions [7]. In addition, collective effects such
as coherent synchrotron radiation (CSR) in the dipoles
can cause significant time-dependent energy loss and pro-
jected emittance growth [8]. The nonlinearities and the
CSR effect are major issues that limit the peak currents
that can be achieved.

In this paper, we report on a recent study at the LCLS
for improving the FEL performance with a beam shap-
ing technique, which is realized by truncating the double-
horn current spikes (at the beam head and tail) with a
collimator located at the middle of a bunch compressor.
Experimental results have demonstrated that collimation
is a robust method for manipulating the current profile
and final longitudinal phase space. A flat-top-like current
profile with reduced current spikes has been achieved,
one that leads to better FEL performance with improved
pulse energy, peak power and bandwidth control. In Sec-
tion II, the collimation method and how it helps shape
the current profile will be discussed. We then show exper-
imental measurements on the improvement of the FEL
pulse energy and peak power in Section III, and band-
width and chirp control in Section IV. A discussion and
summary are given in Section V.

II. METHODS

The longitudinal collimation method presented here re-
lies upon the fact that a time-energy chirped beam is
tilted at a large angle relative to the longitudinal axis
in a dispersive section. For example, at the middle of a
magnetic chicane where the maximum tilt exists, cutting
the beam edges horizontally with a transverse collimator
is effectively truncating the bunch head and tail. This
correlation-based beam selection has also been adopted
in the slotted-foil scheme [9, 10]. The main difference
is that in the slotted foil scheme, although only a frac-
tion of the bunch passing through the slot will lase, the
other parts of the bunch remain with the beam but with
a spoiled emittance. In the collimation mode here, the
electrons hitting the collimator jaws are scraped away,
thus the bunch charge in the downstream beamline is
reduced.
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FIG. 1. A schematic of the LCLS machine layout including a collimator in the middle of the first bunch compressor (BC1)
and the XTCAV downstream of the FEL undulator. The L2 and L3 are S-band RF linac sections. We also show the measured
images at the middle of the BC1, before and after collimation, and a measured example from XTCAV for the collimated beam
after FEL lasing.

The longitudinal collimation mode was also studied as
a beam slice diagnostic at the Fermi FEL [11] and the
LCLS [12]. As discussed in [11], this also has the po-
tential to generate shorter x-ray pulses by truncating
most of the charge, with only a small fraction of the
bunch passing through the collimator gap. Compared
with a low-charge operation mode [13], the collimated
beam will have a larger emittance since it starts with a
higher charge in the electron gun. However, this collima-
tion mode provides a simple way to shape the electron
beam’s phase space by truncating a small fraction of the
charge at the bunch head and tail [12]. For the beam
shaping purpose as studied in this paper, we still keep
most of the bunch charge and scrape away a small num-
ber of the unwanted particles.

At the LCLS, both the first and second bunch compres-
sor (BC1 and BC2 in Fig. 1) have a horizontal collimator
at the middle of the chicane. Considering radiation pro-
tection issues, we choose the low-energy chicane BC1,
where the regular operating energy is 220 MeV, for col-
limation. The machine layout is shown in Fig. 1. The
collimator and chicane parameters have been discussed
in [12]. For example, at the BC1 collimator location, the
horizontal dispersion is 0.23 m, and the rms energy spread
is typically about 1%. Thus the horizontal full width of
a dispersed beam at the collimator is about 11 mm. Un-
der typical collimating conditions during operation, the
collimator gap at the LCLS is set to a full width of 5
- 7 mm, from which the bunch charge is truncated from
initial 250 pC to about 180 pC. At the bottom of Fig. 1,
we include measured examples of the beam on an optical
transition radiation (OTR) screen in the middle of BC1,
without collimation and with collimation; and an exam-
ple of the final beam’s longitudinal distribution measured
at the end of the undulator with the collimation mode.

One concern with this collimation mode is the beam
quality degradation due to the collective interaction with

the collimator jaws. For example, how do the parasitic
effects such as the collimator wakefields and longitudi-
nal space charge affect the beam emittance? This has
been experimentally investigated earlier and reported on
in [12]. It was concluded that the emittance, in our pa-
rameter range, is very well preserved after the truncation.
Therefore, in this report we leave this concern out and fo-
cus on the shaping optimization of the longitudinal phase
space for improving the FEL performance.

At the LCLS, a fourth-harmonic rf structure is adopted
to linearize the longitudinal phase space before the beam
is compressed in BC1. With the help of this harmonic
linearizer, the beam current profile after BC1 becomes
similar to a parabolic distribution (without collimation).
In the L2-linac section that follows, the strong longitu-
dinal wakefield in the accelerating structures causes the
extreme head and tail portions of the bunch to have a
slightly increased slope (3rd-order curvature) in time-
energy space. These head and tail parts of the beam
are then over-compressed by the BC2 chicane, leading to
large current spikes in the current profile [7]. In Fig. 2
we show simulated examples of phase space and current
distributions along the linac in the normal machine con-
figuration (without applying the collimation), where we
can see that the energy loss along the bunch has a non-
linear curvature, which leads to a “double-horn” current
profile after BC2 compression.

Since the “double-horn” shape shows up during BC2
compression, a natural way to truncate the horns is to
use the collimator at the middle of BC2. In simulations
this should work. However, with beam energy typically
at 5 GeV in BC2, the radiation power on the collimator
jaws will be much higher than that in the BC1 region
(energy of 220 MeV). In the following, we explain how
the collimation at the BC1 location also helps shape the
final current profile and phase space.

As discussed earlier, L2-linac wakefield induced 3rd-
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FIG. 2. Simulation examples of a regular beam without collimation, bunch charge 250 pC. Left column: electron beam
longitudinal phase space and current profile after BC1 chicane. Middle column: longitudinal phase space before BC2 chicane
and L2-linac wake induced energy change. Right column: longitudinal phase space and current profile after BC2 chicane.

order time-energy curvature is the main source leading
to head/tail current spikes. The induced energy loss per
unit length from the wakefields is given by a convolution
of the point charge wake function and the bunch distri-
bution. We can write down the bunch wake W(s) – the
voltage gain for a test particle at position s – as (see,
e.g., Ref. [14])

W(s) = −
∫ ∞
0

W (s′)λ(s− s′)ds′, (1)

where W (s) is the RF structure point charge wake func-
tion, and λ(s) is the longitudinal bunch distribution nor-
malized to 1. For the SLAC S-band rf structure, the
average iris radius a = 11.6 mm, with a typical bunch
length in L2-linac σz = 0.1mm, the transient regime of
the wake will last z ∼ a2/2σz = 0.7 m. Since the L2-
linac length L = 329 m, much longer than the transient
regime, we can use the limiting value of the steady-state
wake for this periodic structures [14]:

W (0+) =
Z0c

πa2
. (2)

here Z0 = 377Ω, and c is the speed of light in vacuum.
Inserting Eq.(2) to Eq.(1), we obtain the energy change

due to the L2-Linac wakefields:

∆E(s) = −e2NLZ0c

πa2

∫ ∞
0

λ(s− s′)ds′. (3)

Here N is the total number of electrons in the bunch.
We emphasize in Eq.(3) that the wake-induced energy
loss along the bunch is proportional to an integral of the
bunch distribution. For example, a flat-top current pro-
file will cause a linear-variation of the energy loss along
the bunch (with more loss in the bunch tail, but no high-
order variations). Thus, shaping the current profile from

Gaussian/parabolic distribution to a flat-top-like shape
will help reduce the 3rd-order curvature in the time-
energy correlation due to wakefields. We illustrate this
correction with simulation results in Fig. 3. When apply-
ing the BC1 collimator, the truncated current profile has
a sharp rise in the head and fall in the tail (left column of
Fig. 3). After convolving with the wake function, we can
see that the wake induced energy loss along the bunch
is close to linear (middle column of Fig. 3). Comparing
to the case of Fig. 2 we clearly see the improvement in
terms of linearity. This linearized energy loss from the
L2-linac wakefield leads to much smaller current spikes at
the bunch head and tail after BC2 compression. The sim-
ulation results of Fig. 3 show the feasibility of linearizing
the time-energy correlation by truncating the beam in
the low-energy BC1 region, instead of in the high-energy
BC2 region, which greatly reduces the radiation concerns
of beam hitting on the collimator jaws.

III. BEAM SHAPING AND FEL LASING
IMPROVEMENT

The LCLS undulator line is based on fixed gap per-
manent magnet undulators. A canted pole design al-
lows small adjustments of the undulator strength K. This
feature is used for post-saturation taper [1], two-color
pulses [15, 16] and reverse taper schemes [17]. Large pho-
ton energy adjustments are made by changing the elec-
tron beam energy. The present deliverable x-ray photon
energy covers both soft and hard x-ray spectra, ranging
from 250 eV to 12 keV [18]. This requires the electron
beam energy to vary from 2.4 GeV to 16 GeV. The peak
current requirement for soft and hard x rays is also dif-
ferent, typically over 3 kA for hard x-ray FELs, while
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FIG. 3. Simulation examples of the collimated beam. BC1 collimator is used to truncate the bunch charge from 250 pC to
180 pC. Left column: electron beam longitudinal phase space and current profile after BC1 chicane. Middle column: longitudinal
phase space before BC2 chicane and L2-linac wake induced energy change. Right column: longitudinal phase space and current
profile after BC2 chicane.

1-2 kA for soft x-ray FELs. We use a hard x-ray FEL
example (photon energy of 7 keV) to discuss the lasing
performance with a collimated beam in what follows.

For an LCLS FEL at 7 keV, the electron beam en-
ergy is ∼12.5 GeV. We list the major machine parameters
used during the measurement in Table I. The charge is
truncated by the BC1 collimator from 250 pC to 180 pC.
An X-band transverse deflector (XTCAV) [19], located
downstream of the undulator section, provides a direct
diagnostic for this beam shaping study. This deflector in-
cludes two 1-m-long X-band rf deflecting structures, pro-
viding a time-dependent horizontal kick on the beam. It
is followed by a vertically bending spectrometer magnet,
and the beam is imaged on a downstream YAG screen.
With this arrangement, the horizontal dimension of the
measured image represents time while the vertical dimen-
sion represents energy. The horizontal scale of the image
can be calibrated in absolute units of time by measuring
the beam centroid position as a function of rf phase in
degrees of X-band at the deflector. Similarly, the ver-
tical scale is calibrated with beam energy shifts. Thus,
the XTCAV system provides an direct measurement of
the electron beam time-energy phase space. In addition,
since the location of the measurement is downstream of
the FEL lasing process, the lasing induced time-resolved
energy loss or energy spread growth can also be mea-
sured. By comparing with lasing-off images (suppress
the lasing with an oscillating orbit inside the undulator
beamline) one can reconstruct the FEL power profile [20].

Figure 4 (a) and (b) show measured examples of the
collimated beam longitudinal phase space with lasing-
off and lasing-on conditions. The electron beam current
profile and reconstructed x-ray power profile are shown
in (c). The XTCAV was operated at 65 MV during the

TABLE I. Main machine parameters for Fig. 4 at 7 keV.

Parameter Symbol Value Unit

Bunch charge at injector Q0 250 pC

Bunch charge after BC1 Q 180 pC

Beam energy at BC1 E1 220 MeV

Beam energy at BC2 E2 5 GeV

Beam final energy Ef 12.5 GeV

BC1 current I1 220 A

BC2 current I2 3-5 kA

BC1 collimator gap g ∼ 6 mm

BC1 R56 -45.5 mm

BC2 R56 -28 mm

measurement with a recently developed compact X-band
SLED mode [21], providing a time resolution of 2.5 fs rms
for the beam energy of 12.5 GeV. We see in this example,
the peak current is about 2.5 kA with a relatively uniform
profile, which agrees well with the simulation predictions
of Fig. 3. Since the current profile and the longitudinal
phase space are getting uniform, we can see that a uni-
form lasing along the bunch can be achieved, producing
a pulse energy over 4 mJ in a routine operation at this
energy. The x-ray peak power ranges from 50 to 100 GW
depending on the pulse duration.

As a comparison, we show two measurement exam-
ples in Fig. 5, where no collimation was applied. These
examples were measured in 2013 with bunch charge of
250 pC and 150 pC, respectively. The beam energy was
13.5 GeV, and the XTCAV was operated at 45 MV. This
was the maximum achievable deflecting voltage at that
time (the SLED mode was not available yet). The
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FIG. 4. Measurement examples of the collimated beam for hard x-ray FEL case with photon energy 7 keV. The electron beam
energy is 12.5 GeV, and other machine parameters can be found in Table I. The electron beam longitudinal phase space is
shown in (a) for lasing-off condition and (b) for lasing-on condition; in (c) the beam current profile and reconstructed FEL
power profile are given. In this example the x-ray pulse energy is 4.8 mJ. Data taken on 3/15/2016.

FIG. 5. Measurement examples of the final beam without collimation for hard x-ray FEL case. Electron beam energy is
13.5 GeV, and bunch charge is 250 pC (top row) and 150 pC (bottom row), respectively. (a)-(c): bunch charge 250pC, the
electron beam longitudinal phase space for lasing-off condition (a) and lasing-on condition(b), and the beam current profile
and reconstructed FEL power profile in (c). (d)-(f): bunch charge 150pC, same measurement as 250 pC case. In both cases the
x-ray pulse energy is ∼2 mJ. Data taken on 11/16-17/2013.

XTCAV time resolution was about 4 fs rms. We see a
“double-horn” shape current profile shows up in both
cases. We remark that the absolute value of the cur-
rent spike could be under-estimated due to the resolu-
tion limit. Nevertheless, comparing to the collimated
example in Fig. 4, at a similar core current level, here
we see more pronounced current variations even with a
lower time resolution. The current horns cause strong
local energy loss due to CSR, which makes energy vari-
ation along the bunch and the lasing non-uniform. In
these two examples, the x-ray pulse energy is about 2 mJ,
and the power is below 50 GW. Since the current spikes
are getting stronger when charge increases, to compro-
mise between the photon output and the collective ef-
fects, the LCLS typically operates at 150-180 pC bunch
charge from the injector for hard x rays over the past
few years, until the recent collimation mode as reported

in this paper was developed. With further tuning up,
the best measured x-ray pulse energy using 150-180 pC
bunch charge (without collimation) was about 3 mJ (see
Fig. 6 in the following).

In the above examples, we use hard x-ray examples
to demonstrate the shaping method. In the soft x-ray
regime, the required beam peak current is lower, thus we
typically have smaller current horns (measurement ex-
amples can be found in [19]). However, the longitudinal
space charge force is stronger due to lower electron beam
energy, which causes longitudinal phase space distortion
even with small current horns. Experimental observa-
tions show obvious improvement also in soft x-ray regime
after cutting the current horns. As the present LCLS op-
eration, we use the collimation mode as a routine setup
for both hard and soft x-ray FEL users.

Comparing the results from collimation mode and non-
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collimation mode in Fig. 4 and Fig. 5, we see the FEL
lasing efficiency is clearly improved. Here we discuss
briefly how this shaping helps the FEL lasing amplifi-
cation. During the beam acceleration and compression,
the major collective effects are from longitudinal space
charge force, CSR and longitudinal wakefields. CSR and
longitudinal wakes cause a time-dependent energy vari-
ation along the bunch. Since this energy loss is a con-
volution between the wake function and the current dis-
tribution, with a double-horn current profile, the CSR
and wakefield induced energy variation along the bunch
increases [14, 22]. After passing through bending mag-
nets, this time-dependent energy loss will cause Twiss
parameter variation along the bunch and also projected
emittance growth. In the downstream beamline, trans-
verse matching and undulator tapering have to be com-
promised between these time-dependent variations. Typ-
ically this variation leads to a partial (non-uniform) las-
ing in the bunch as seen in Fig. 5, and also causes radia-
tion wavelength shifts and bandwidth growth. The lon-
gitudinal space charge force is proportional to the deriva-
tive of the instantaneous current. It vanishes for a uni-
form beam, but for a beam with current spikes, it always
accelerates the electrons in the spike head and deceler-
ates those in the spike tail. All these time-dependent
problems are greatly reduced with the reshaped flat-top-
like beam, and we see uniform lasing along the bunch
in Fig. 4 (b). This achieved uniform lasing feature not
only helps extract more photons from the electron beam,
but also simplifies the machine tuning. A practical FEL
tuning optimization may be biased by the lasing in the
current horns, which now can be avoided since the entire
bunch is lasing uniformly. Note if we want to get a sim-
ilar final charge after collimation, we have to start with
a higher charge in the gun, which could give a slightly
larger emittance due to stronger transverse space charge
forces. With the LCLS parameters, we measured about
10% emittance growth when increasing the charge from
180 pC to 250 pC. The FEL measurements show that we
still win with a collimated beam considering this small
emittance growth.

During LCLS operation for x-ray user experiments,
unless there is a special requirement on the pulse du-
ration or spectral bandwidth, the machine is typically
optimized to achieve maximum pulse energy. The typi-
cal adjustments (“knobs”) include the injector emittance,
final peak current, energy spread, undulator tapering,
transverse matching, etc. The setup can vary at dif-
ferent photon energies. In Fig. 6 we show the LCLS
performance achieved between April and July 2015 op-
erating in the hard X-ray regime between 7 and 9 keV.
The experimental data show a clear improvement in the
performance after the collimation mode was started at
the very end of May 2015. As details of the machine
setup are ignored and only the pulse energy measured by
the gas detector [23] is shown, it means that collimation
provided general benefit to all the operating modes. Be-
fore applying the collimation mode, the bunch charge was

180 pC from the injector, and in the hard x-ray spectral
range, the maximum pulse energy was about 3.5 mJ. Af-
ter truncating the bunch head/tail using the collimator
(from 250 pC cutting down to 180 pC), we can see that
the FEL intensity ramped up to over 4 mJ after a few
days, and even exceeded 5 mJ in some conditions.

IV. CHIRP AND BANDWIDTH CONTROL

A. Electron beam chirp control

For some x-ray experiments requiring narrow band-
width in the SASE mode, or the self-seeding mode, pre-
cise control of the time-energy chirp of the electron beam
is important. There are two main reasons for a broaden-
ing of the radiation bandwidth. One is the linear chirp
in th electron beam time-energy phase space. In an FEL
facility, a time-energy chirp (lower energy at the bunch
head) is necessary for the purpose of longitudinal com-
pression. After the compressor, this energy chirp is de-
signed to be canceled by the downstream linac structure
and transport line wakefields. Since this wakefield de-
chirping effect is related to the beam current distribution,
when the bunch length (beam current) has to be varied
for different user requirement, the final beam could have
a residual chirp that is not fully canceled. Another rea-
son to cause bandwidth widening is the nonlinear energy
variation along the bunch, as discussed in the last sec-
tion. This time-dependent variation gets stronger with
a double-horn current structure. Since the SASE radi-
ation is independent over the coherence time (temporal
spike) [1], for a typical bunch whose duration is much
longer than the coherence time, the FEL radiation wave-
length shifts around determined by the local energy vari-
ation. This will cause bandwidth growth and reduce the
spectral brightness.

For the XTCAV diagnostic, note that the measured
longitudinal phase space is downstream of the undulator
beamline, which includes the wakefield effect from the un-
dulator vacuum chamber. Since what we care about is to
have a flat-chirp beam at the entrance of the undulator,
a model-based wakefield subtraction has been developed
to reconstruct the initial longitudinal phase space right
before entering the undulator.

The wakefield in the undulator chamber comes from
different sources, such as the resistive walls, geometry
transitions, surface roughness, etc. Earlier studies veri-
fied that for the LCLS parameters, the dominant part is
the resistive wall wakefield [24]. Thus for our reconstruc-
tion, we just subtract the resistive wall induced energy
variation.

The point charge resistive wall wake including ac con-
ductivity from the undulator chamber with a flat pipe
can be approximated by a simple damped oscillator
model [25]:

W (s) =
π2

16

Z0c

πa2
e−krs/2Qr cos(krs), (4)
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FIG. 6. Archived gas detector history to show the recorded FEL pulse energy before and after using the collimation mode. The
photon energy is filtered between 7 to 9 keV. The bunch charge for the period before using the collimation mode was 180 pC
from the injector to the undulator, while with the collimation mode, the bunch charge was truncated from 250 pC to 180 pC
with BC1 collimator. The actual bunch charge for FEL lasing in this plot is same.

where a is the beam pipe radius (half of the gap for the
flat pipe case, 2.5 mm for LCLS), and kr and Qr are
fitting parameters as a function of Γ. Here Γ is a di-
mensionless relaxation time Γ = cτ/s0. For the LCLS
aluminum chamber, the relaxation time τ = 8 fs, and
the characteristic distance s0 = 9.8µm [25].

Since we have the measured current profile, the energy
loss from the undulator chamber resistive wall wake can
be calculated by inserting Eq. (4) into Eq. (1), multi-
plying by the bunch charge and the undulator chamber
length ∼130 m. By adding back this loss, we can recon-
struct the longitudinal phase space before the undulator.
An example shown in Fig. 7 further demonstrates the
procedure. Three steps are explained in the figure: (1)
obtain the current profile by constructing the histogram
in time from the measured phase space and normalizing
with the recorded bunch charge; (2) calculate the wake-
field induced energy loss by convolving the point charge
wake with the current profile; (3) add back the energy
loss to reconstruct the beam initial longitudinal phase
space at the entrance of the undulator.

The example in Fig. 7 shows the reconstructed lon-
gitudinal phase space at the entrance of the undulator
with a pretty flat chirp, which is important for achieving
narrow-bandwidth FELs. In an FEL facility with two-
stage compressors, the final energy chirp can be adjusted
by changing the compression ratio between the two com-
pressors. We use two measurement examples in Fig. 8
to explain this effect. The two bunches here show the
reconstructed phase space at the entrance of the undula-
tor, with beam energy of 4 GeV, and same final current
∼1500 A. In the case (a), it is a nominal setup with the
current after BC1 of 130 A; while in case (b), we increase
the BC1 compression and the current after BC1 is 180 A.
To get a same final current after BC2 compression, here
for the case (b), we have to reduce the compression in
BC2 using a smaller chirp. Since the downstream L3
structure wakefields will dechirp the bunch by a similar
amount at the same current , the smaller initial chirp af-
ter BC2 in case (b) will be over-canceled, and we see the

bunch head has higher energy than the tail (a negative
chirp). Thus, for a same final current after BC2, we can
adjust the compression ratio between the two compres-
sors to balance the final beam chirp. Too much compres-
sion in BC1 will cause a negative chirp (residual chirp
is over-canceled by L3 wakefields). It is also necessary
sometimes to adjust the collimator center for further op-
timization of the current profile symmetry and chirp.

B. FEL spectral measurement

At the LCLS, both hard and soft x-ray spectra can
be measured with two different single-shot spectrome-
ters [26, 27]. We use hard x-ray examples to demonstrate
the spectral improvement with the collimated beam. The
electron beam chirp control using XTCAV is the first step
to set up the machine, then we use the spectrometer as
the ultimate diagnostic to confirm a minimum chirp by
measuring the SASE FEL bandwidth. In Fig. 9, we show
the measured FEL spectra without and with collimator:
(a) full bunch charge of 150 pC without collimation, at
7 keV; (b) bunch charge same as (a) but at 9.3 keV; and
(c) collimation mode cutting from 250 pC to 180 pC at
7.9 keV. In these examples, the setup was optimized for
minimum bandwidth, and used post-saturation taper for
achieving maximum pulse intensity. The pulse energy is
about 2.7 mJ, 2.6 mJ and 4.3 mJ, respectively. The av-
eraged spectrum (after filtering out the electron beam
energy jitter) in the collimated case shows a Gaussian
distribution, while the non-collimated cases usually show
an asymmetric distribution with an energy tail. We can
see that the averaged bandwidth is reduced from about
25 eV to 15 eV after applying collimation, and the spec-
tral peak intensity doubles. As discussed earlier, for the
non-collimated case, the electron beam energy near the
double-horn area typically has a variation due to CSR.
If lasing happens in this area, this energy variation could
cause a wider bandwidth or additional tails in the spec-
tral distribution. Note if we kick the beam at the satura-
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FIG. 7. The procedure to retrieve the initial phase space at the undulator entrance. The final measured longitudinal phase
space is in (a), and by projecting to time, we obtain the current profile (b). Using the resistive wall wakefield model, the
induced energy loss is calculated in (d). Finally the initial phase space (c) is obtained by subtracting the energy loss in (d)
from (a). Bunch head is to the left.

FIG. 8. The final phase space of the collimated beam at the entrance of the undulator with different setting of the beam current
after BC1: (a) 130 A; (b) 180 A. The final beam energy at the undulator entrance is 4 GeV, with current about 1500 A. The
Bunch head is to the left.

tion point, the bandwidth can be further reduced, with
a sacrifice of photons.

A uniform beam shape also helps for self-seeding opera-
tion, as developed at the LCLS in both hard x-ray [28, 29]
and soft x-ray [30] regime. After generating a nar-
row bandwidth seed from the monochromator, this seed
would be amplified in the downstream undulators. Any
distortion on the beam phase space distribution or a
residual time-energy chirp will cause spectral broadening
in the self-seeded radiation pulse, and degrade the peak
spectral brightness [31, 32]. The beam shaping discussed

here provides a better control of the longitudinal phase
space, which helps the quality of the seeded FEL output.
One recent study with the collimated beam for hard x-
ray self-seeding can be found in [33], and further studies
will follow with more self-seeding operation experience.

V. SUMMARY

We have developed a new operating mode with longitu-
dinal beam shaping for improving the FEL performance
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(a)150 pC, without collimation, 7 keV (b)150 pC, without collimation, 9.3 keV (c)Collimation mode,180 pC, 7.9 keV

FIG. 9. The measured hard x-ray SASE FEL spectra for operating mode without collimation (a) and (b), and with collimation
(c). The blue curve is a single-shot example, and the thick red curve is averaged with 100 shots. In (a), measured on 5/23/15,
the bunch charge is 150 pC from injector to the undulator, photon energy is 7 keV, bandwidth is ∼25 eV FWHM, and pulse
energy is about 2.7 mJ; in (b), measured on 4/29/15, the bunch charge is 150 pC from injector to the undulator , photon energy
is 9.3 keV, bandwidth is ∼25 eV FWHM, and the pulse energy is 2.6 mJ; in (c), measured on 6/23/16, the charge is truncated
with BC1 collimator from 250 pC to 180 pC, photon energy is 7.9 keV, bandwidth is ∼15 eV, and the pulse energy is 4.3 mJ.

at the LCLS. This is based on the existing hardware and
can be easily applied to other accelerator facilities using
normal conducting rf. With a more uniform current dis-
tribution after truncating the head/tail horns, some col-
lective effects such as CSR, space charge and wakefields
are reduced. This greatly helps transverse matching and
FEL optimization. An increase of the FEL output and
peak power with a better controlled spectral bandwidth
has been achieved at the LCLS. This shaping method has
been adopted at the LCLS as a routine operation mode

for both SASE and self-seeding FEL operations.
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